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1LEONARDIAN FLUID MECHANICS
WHAT REMAINS TO BE INVESTIGATED 
IN THE CODEX HAMMER
A CRITICAL STUDY AND A CHALLENGE
By Enzo Macagno 
I■ INTRODUCTORY REMARKS
This contribution contains the results of a study of the 
Codex Hammer carried out for an invited lecture at the Kansas 
Spencer Museum of Art on the occasion of a show of the Codex 
Hammer, but the basic study of this codex was done before, as a 
part of a project on Leonardian Fluid Mechanics sponsored jointly 
by the National Science Foundation and the National Endowment for 
the Humanities. I felt, at the time of presenting the lecture in 
Kansas, that there was a great need for an investigation in depth 
of the many texts and drawings on flow and transport phenomena in 
the Codex Hammer (formerly Codex Leicester). During a recent 
period in Milano, under a Fulbright award, I worked on this con­
tribution and brought it to completion using mainly the document­
ation available at the Raccolta Vinciana of the Biblioteca d ’Arte 
del Comune di Milano. I always rely essentially, for my studies 
of the notebooks of Leonardo da Vinci, on the facsimiles that are 
available and that allow the reading of the writings in their 
original form. The facsimile of the Codex hammer was published 
for the first time by Hoepli in 1909 accompanied of diplomatic 
and critical transcriptions by Gerolamo Calvi. The volume, with 
additions of different kind, has been published again a few years 
ago, and another publication was imminent by the time this study 
was completed. To my knowledge, no modern study of the work of 
Leonardo on flow and transport phenomena in the Codex Hammer has 
been done according to the criteria that will be profusely out­
lined in the present monograph, although some important steps in
2that direction were accomplished in the thirties and forties by 
Giacomelli and Arredi in Italy.
In the edition by Calvi, there is an extensive subject index 
("Indice Analitico") which seems to include as many words as one 
finds in the original document. I found such an index of little 
use in ascertaining the content of the manuscript from the point 
of view of a hydraulician and a fluid mechanicist. A trained eye 
can immediately see that, in Leonardo's notes and drawings of the 
Codex Hammer, there are many important aspects that are not re­
flected in the "Indice Analitico", or that are very difficult to 
find. I believe there was no engineer and scientist at hand, as 
consultants, when the "Indice Analitico" was prepared. I found 
necessary, and afterward extremely useful, to develop my own 
survey, which would reflect faithfully and effectively ideas, 
notions, concepts, discussions, results, experiments, analogies, 
paradoxes, etc., etc. about the science, art and technology of 
flow which were not perceived by the author of the "Indice Anali­
tico". The survey lead to a Multichannel Tabulation, which was 
later stored in a computer system. This tabulation is summarily 
described in a section of this contribution. I hope that the 
multichannel survey and tabulation will be useful for future 
studies of this Codex, and for correlation with other documents. 
A supplement on those few pages of the Codex which do not contain 
questions of flow science would be welcome, if done by experts on 
the corresponding fields.
I believe that not only the author of the "Indice Analitico" 
was partially blind to the many things one can find in the Codex 
Hammer. I remember a discussion in a meeting, a few years ago, 
in which the statement was made that the Codex Hammer was essen­
tially a long list of topics meant to be included in a book that 
was never written. This is far from the truth, although it has 
some element of truth. I am sure that persons who are really 
knowledgeable in matters of flow and transport phenomena can not 
fail to see how much can be found in the Codex Hammer which is of
3great interest and originality. For the general public, this 
should be illustrated not only with words but also by re-running 
in adequate way Leonardo's experiments, including those which 
were only thought but are of great significance. Even the lists 
for books have a great deal of relevance and are not to be dis­
carded but studied carefully, because they can reveal much more 
than one could think at first sight.
I have not worked yet on the Codex Hammer as I have done 
already with the Codices Madrid and Atlanticus (Macagno 1982, 
1986b) , but I have been able to complete a careful exploration 
and even some investigations on special subjects. A paper has 
now been published (Macagno 1985a) on hydrostatics in the Codex 
Hammer. I can offer, in this monograph, a documented view of 
many things that have not been explored yet, or at least not 
explored to fully reveal their true value. Because of limita­
tions on the time available for this work, I have reduced to the 
essentials my discussions of analogies and paradoxes, of experi­
ments and material on flow and transport phenomena. There are 
many questions of engineering hydraulics and hydraulic engineer­
ing, (which do not belong to fluid mechanics) which should be 
explored; they are already included in my tabulation; but such a 
study should be an important project in itself requiring a good 
general experience in engineering as a background, and the possi­
bility of doing the research effort surrounded by other profes­
sionals with varied and solid experience in different areas of 
specialization. To close this contribution there will not be the 
usual section on conclusions; instead, I will offer a challenge 
in the form of a plan for the research effort necessary before 
anybody can really appreciate the content of the Codex Hammer in 
the areas of hydraulics and fluid flow and transport phenomena. 
The research plan contains as an important, essential element the 
laboratory methodology already used in studies of Leonardian 
fluid mechanics. Some examples of application of such methodo­
logy to the Codex Hammer are included in the text of this mono-
4graph. Leonardo was mainly an experimentalist, and to understand 
him fully, experiments are necessary as a condition "sine qua 
non". This is also true in the case of showing the document to 
the general public, and even to experts in different fields of 
knowledge investigated by Leonardo.
5II. MULTICHANNEL TABULATION OF THE CODEX HAMMER
The idea of a multichannel tabulation must come naturally to 
anyone who wants to identify and correlate passages and drawings 
which deal with a given discipline in a complex document (Macagno 
1987b). The traditional indices are helpful, but usually they 
fail to serve well to a researcher with scientific and technical 
interests. Because of this, I found useful to develop my own 
methodology. Having, from the beginning of my studies of Leon­
ardo's documents, an interest in flow and transport phenomena, I 
began by reading both texts and drawings very carefully, with a 
mind on defining blocks within the manuscripts which dealt with 
topics of my concern. Sometimes, the block would consist of a 
single sentence or a single sketch, but usually a paragraph 
and/or a group of drawings could form the sought unit. Then I 
would go through the block thus found, a second time, writing in 
a card the key terms which could describe briefly and also effec­
tively the content of the block. At the beginning, it took a 
period of trial and error until I felt that this work was satis­
factory. When I did my study of Leonardian fluid mechanics in 
the Madrid Codices (Macagno 1982) I used less than fifty keywords 
or terms, but the Codex Atlanticus (Macagno 1986b), with many 
more topics, brought that number to about one hundred, which is 
what I have also used for the Codex Hammer.
When one uses a few words to construct a profile of a para­
graph, or to describe the information contained in a drawing or 
in a diagram, there is some loss involved. This happens in any 
summary, even in mathematical equations to represent a given 
phenomenology. The loss is tolerated because something is 
gained. In the case of the multichannel tabulation, particularly 
when stored in a computer system, the advantages are many for 
further work with the documents. One can quickly retrace all the 
material related to a given notion, concept, phenomenon, etc., 
and also to any desired group of questions. For instance, one 
can rapidly find all texts and drawings on vortices, or those on
6vortices in water, or in rivers, or in flames, and so on and so 
forth.
The key terms used fall in a number of categories as shown 
in Table I. For each term, a card is kept containing information 
about its meaning, much in the way a dictionary does it. In the 
section entitled "Generation of Profiles", examples are given on 
how the work is done. Of course, the original text and drawings 
are used, and therefore the profiles are formed from texts in 
Italian (or, perhaps, I should say in "Leonardesque"). In some 
cases, using Leonardo's own words as key terms has proven much 
more convenient, and thus I am using ACQUA, INPETO, POTENTIA, 
ARGINE, among others. English has some words that are very use­
ful in fluid mechanics and transport phenomena and I would not 
translate them even if the whole system were in another language. 
But, sometimes, it is preferable to shorten a word and to assign 
to it a wider meaning; for example, TURB stands for turbid, tur­
bulent, "turbolenza", etc. Ambiguity has been introduced when 
needed, i.e., to represent ambiguity in the original writings. 
Some keywords are common language words because it is better not 
to be too precise, and a number of words are modern scientific 
words because in some matters concerning flow Leonardo was a 
precursor. Hence if he formulates conservation principles or 
creates fluid kinematics, terms like CONS or KINEM become very 
useful. Keywords like GEOM and MATH are also included because 
without some mathematics (even if it is very elementary) nothing 
can be done, and really understood, in flow science (Macagno 
1987b).
The content of some cards of the "Dictionary of Key Terms" 
is given below in an attempt to convey a complete idea of this 
method of surveying a document.
FLOW Any current, or stream, or flux, of any 
fluid, or of any substance capable of under­
going deformation, like earth, snow, ice, 
mud, etc. Note that there are very few mo-
7tions in which rigidity (lack of deformation) 
is achieved. Granular and pulverulent mater­
ials, as large as systems of particles, can 
flow, even if each grain remains rigid. 
Clouds and other clusters of particles, piles 
of objects (e.g., a deck of cards) can exper­
ience flow-like motions when not merely tran­
sported. Even one-dimensional objects like a 
chain, a string, or even an arm or a leg, a 
snake, etc. can be considered sometimes to be 
performing flow-like motions.
VORT All kinds of vortical motions. Single eddies 
or vortices with any velocity distribution 
(including that of a rigid body, which is 
sometimes attained). If a chaotic system of 
vortices is described, or implied, the term 
TURB should also be used.
TRANSPORT Material carried by fluids in any kind of 
flow. The material may be floating, or in 
suspension, or dragged (as stones are in a 
flood along the bed of the river). Materials 
may be in solution also. Note that air tran­
sports dust, leaves, clouds, snow, etc. 
Fluids can also transport heat (or cold, 
according to Leonardo) and other properties.
EXPER Experiment, experience, experimentation. 
Proposed experiments. Thought experiments 
("gedanken Experiment"). Performed experi­
ments. Experimental situations. Results 
from observations and studies of natural and 
man-made flow and transport phenomena. Con­
cepts and criteria about experimentation.
RESIST Resistance in general. Solid and fluid fric­
tion. Resistance opposed by fluids to the 
motion of bodies in their midst. Resistance 
to floating bodies moving in water, birds 
flying through the air. Resistance of what 
we call now non-Newtonian liquids, especially 
for floating or submerged bodies. Dissipa­
tion of energy in a fluid in motion.
"POTENTIA" This is a term used by Leonardo with many 
meanings. At this time (and maybe at all 
times), this is a word considered to be of 
risky translation.
"INPETO" A less imprecisely used word than "potentia" 
but still full of problems, if one contem-
8LIV SYST
plates translation. It seems advisable to 
use this word until there is a clear idea of 
what it meant to Leonardo.
Living systems of all kinds. Flow of fluids 
and transport processes in man, animals, 
plants. Living systems appear in many analo­
gical discussions by Leonardo.
9Table I
MULTICHANNEL TABULATION OF THE CODEX HAMMER
Categories Examples of terms used
Physical Properties DENSITY, SURFACE TENSION
Elements and materials ARIA, ACQUA
Fluids at rest STATICS, STRATIFICATION
Flow phenomena WAVE, VORTEX
Transport phenomena SCOUR, DEPOSITION
Internal flows CONDUIT, SIPHON
External flows SUBMERGED BODY, PROJECTILE
Natural flows WIND, RIVER
Related disciplines METEOROLOGY, ACOUSTICS
Experimental methods INSTRUMENTS, VISUALIZATION
Engineering FLOW MACHINES, HYDRAULIC ENGINEERING
Bio-fluid phenomena SWIMMING, PLANTS
Fundamental disciplines KINEMATICS, MECHANICS
Basic notions ANALOGY, SIMILITUDE
Miscellaneous SOURCES, DATES
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III. GENERATION OF PROFILES
The method developed to gather and concentrate information 
on fluid, flow and transport phenomena in the Codex Hammer is 
illustrated in the following pages. The purpose was to identify 
each thematic unit, or block, and to generate for each block a 
profile for the multi-channel tabulation already described. 
Typical topical blocks are constituted by a paragraph and a 
sketch or drawing, but they go from a single sentence, or an 
isolated sketch, to several statements and several figures. The 
process of constructing profiles is far more demanding and com­
plex than that of collecting words or terms for an index, or that 
of finding all the places in which a word or an expression is 
used. It requires much more specialized knowledge of both the 
topics and the documents. It is hoped that this work proves to 
be much more useful than the usual indices and monumental collec­
tions of words.
Before a profile is ready, several readings of texts and 
drawings are needed. The first reading serves to detect each 
topic and to locate where it is in each folio. There is, ob­
viously, trial and error in this phase of the work. Experience 
with other notebooks and codices is very useful, but one must be 
prepared to introduce new terms, and other necessary changes. 
Key-terms do not usually emerge until the second or third read­
ing. Sometimes what was considered a block has to be split in 
two, or even more, units. And sometimes, one can coalesce two 
blocks into one, after taking a second look. Very rarely a block 
is formed with material from more than one folio; the exception 
is usually due to the discovery of an analogical link between 
passages of two different folios. One can use the multi-channel 
tabulation to construct many kinds of correlations, but it will 
not yield much concerning analogies, unless they have already 
been entered into the tabulation. So far, analogies are seen by 
the human mind not by computers.
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The eight examples given in the following pages are all from 
the Codex Hammer (CH); the folio number, and the page and line 
numbers of the diplomatic transcription (Calvi, 1909) are given. 
Drawings are indicated with a D, followed by a number that indi­
cates where the drawing is located in a system of coordinates 
with the origin at the upper right-hand side corner of each page. 
I have done my work, not with the transcription, but with the 
photographic reproduction of the original notebook. I do not 
trust completely any transcription, and much less translations 
into other languages. They may be useful in a few, exceptional 
cases, when the original is difficult to read, and one wants to 
see what others have seen in it. In all my doubts, I have con­
sulted Professor Augusto Marinoni, of Milano, whom I consider the 
highest authority in the reading of Leonardo's manuscripts. But 
sometimes, I have not followed strictly his advice; therefore if 
there are errors, it should be known that they surely are mine 
and not his.
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CH 15R 75-20
__________________ D R O P __________________1
Vna pichola quantita
ACQUA— > dacqua stremata o
SEA— > 
agunta al mare fa
________________________  STATICS
mutation a tutta la
sua superfitie par-
lando matematicamente.
CONSERV
PROFILE
ACQUA
STATICS
DROPS
SEA
CONSERV
CH 12R 60-6
Come si debbe far mu- 2
tar sito al fiume nella
HYD ENG sua valle di non troppa
grandeza in questo caso 
sia serato la bocha del­
la vale e llasciato ri-
FLUV ---> gorgare il fiume per u-
na o 2 (?) invernate e 
DEPOS Ila valle si renpira di[te-
PARTIC~-^- *ra) e P°j 'darai lluscital— WEIR 
(allacqua^doue tu uoj ACQUA 
chel fiume si dirizj 
e qujvj poj si segujra il 
l moto del fiume.)
FLOW
PROFILE
ACQUA
TERRA
PARTIC
FLOW
DEPOS
WEIR
FLUV
HYD ENG
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CH 6R 28-13
. "3
...ed etian chol bottino 
che lun de sua latj sia 
vna charta pechora lente
+EXPER --- * (e ssia sostenuta da rri-
STATTCS ' —7— \ ■: i aghe ) come mostra il di­
segno a le quale righe 
WEIGHT > (sia dato tanto peso) per 
MEASURE opposito che chon preci­
sione sostenghino esse 
righe") al contatto della 
fronde del predetto bot­
tino.
ACQUA
WEIGHT
STATICS
FORCE
PRESSURE
+EXPER
MEASURE
+DEVICE
PROFILE
This example illustrates an important point: 
by no means, these profiles can be constructed 
by just going through the words (and even the 
drawings) in the codex and listing all possi­
bilities. One must be able to see other things,for 
example, the force transmitted by the strings and 
measured by the weights. Thus, FORCE appears in 
the profile. One must understand that the above is 
a well conceived experiment in hydrostatics - in 
fact, a remarkably clever experiment - therefore, 
the key-terms EXPER and STATICS are part of my pro­
file.
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CH 12V 62-12
Quanto debbe resurgiere 
-------  -------»
ARIA-- ► alto infra llaria jlachua ACQUA
(— -------- ------ ^
che di condotto alto dis- 
-----1----
cende. C0Ni)uiT
,_/-
condotto ) e acqua di quell
infra laria refressa
PROFILE
ARIA
ACQUA
PRESSURE
FLOW
+CONDUIT
+JET
This is a case in which the block is formed by 
a text, a drawing, and a description of the 
drawing. The symbol + is used to associate 
a key term with a drawing.
CH 15R 75-18
THERM
VAPORr __
Vn onca [vaporata ] [menpie
+EXPER—*■  ---------\ . .
un otro) e prima si to-
chauan lj dentri della pel­
le in ognj lato.
PROFILE
FOCO
ACQUA
VAPOR
THERM
+EXPER
MEASURE
+DEVICE
15
Cn 4V 21-1 D3 D4
+EXPER
(per prova dellonda spun­
tellata sallega la tavo­
la da guchare tilta sotto
r - --------------------------------------------------------- —
il suo monte per cholpo 
duna simjl tavola.
PROFILE 
ACQUA 
+WAVE 
+B0 MOV 
EXPER 
MECH 
IMPACT 
ANALOGY
No text is transcribed for the lower drawing, D4 , 
because it is too long and it did not contribute 
new terms to the construction of the profi le ; 
essentially, that text describes in detail a plun­
ging breaker. The analogy was mainly detected 
trough the drawings and the description of the 
drawing D3.
CH 8R D2 and 23V D2 PROFILE
ACQUA
WEIGHT
FORCE
JET
BO MOV 
+EXPER 
INSTR 
LIV S 
ANALOGY ? 
IMPACT
Because analogical thinking is very important in 
Leonardo's science of flow, an especial effort 
was made to detect analogies either explicit or 
implicit. Two drawings of quite different folios 
are correlated here because it is believed that 
further study will show that Leonardo did not miss 
this analogy.
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CH 14V D4
PROFILE
ACQUA 
FLOW 
+VORT 
BO SUBM 
VISUAL
This is an example of purely pictographic 
note, without any word of explanation. Of 
course, for a mind trained in the science 
of flow, is extremely easy to read, and it 
tells perhaps much more than a long para­
graph on the subject. In fact, when dealing 
with words by Leonardo, there are almost 
always some doubts about the construction 
of the profiles ; there were none in this 
case. Incidentally, what Leonardo sketched 
in the wake of the body,in CH 14V D4, is 
what we call now the Karman vortex street.
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IV. ANALOGIES
There is an extensive literature on analogy and analogical 
thinking dealing with the general concepts and the applications 
to a great variety of fields: language, philosophy, religion,
history, politics, the arts, the humanities and the sciences. 
For this contribution it seems that I should limit myself to 
analogy in science, and I will do so for the specific analogies 
in the Codex Hammer, but because I am dealing with Leonardo and 
he did not raise walls between the many questions he was inter­
ested in, I feel that wider comments on analogical thinking are 
necessary. It appears advisable to develop at least a modest 
perspective of the vast world of analogies and their uses. It is 
also important to give some idea of the evolution, through the
centuries, of more precise notions about analogy and the increas­
ing demands recognized as necessary for valid applications of the 
methodology involved.
According to some students of analogical thinking, its use 
is at least as old as the apparition of human languages. But
perhaps it is as old as the first traces of human behavior.
Concerning language, W.S. Jevons, 1877, stated that
"...the whole structure of language, and the whole utility of 
signs, marks, symbols, pictures, and representations of various 
kinds, rest upon analogy,"
I believe that one cannot find writings of prosists and
poets of the past or the present lacking a constant use of analo­
gies; this type of analogy has been called descriptive analogy by 
P. Grenet 1948, in his book on analogy in Plato’s Dialogues. A 
similar view is held by G.E.R. Lloyd 1966, in his book on polar­
ity and analogy. Both authors were also concerned with analogy 
in philosophy and science, and Grenet characterized these analo­
gies as explanatory. As we approach modern times, there is more 
and more concern for what we may classify as investigative analo­
gies (Macagno 1982, 1986a). In Leonardo I can see a precursory 
use of this type of analogy.
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In Leonardo, one finds definite concern not only for what is 
analogical; but also for what is different. I believe that this 
is an aspect that has not been explored and I have written more 
extensively on the question somewhere else (Macagno, 1986a). 
Here I will summarize that essay, quoting as needed from some of 
the modern authors on the analogical method. For instance, Mgr. 
de Solanges, as quoted by Grenet, 1948, described the generality 
of analogy very clearly;
"L1analogie n'est pas le privilege ou le monopole d'une eoole des 
philosophes ou d'une famille d'esprits. Elle est un bien eommun a 
l'humanité pensante, o'est-d-dire a toute Vhumanite."
Analogy is not the privilege or the monopoly of a philosophical 
school or of some people; it belongs to mankind. In other words, 
if one thinks, analogy enters naturally in the process.
In his book on probability, J.M. Keynes 1921, introduced a 
definition of analogy based on the concept of propositional func­
tions: there is an analogy between two objects, if they satisfy 
the statements of the same propositional functions. This is 
something like phenomena being described by the same formulas. 
Then, positive and negative analogies are introduced: the posi­
tive analogy is the set of propositional functions satisfied by 
the two objects, and the negative analogy is constituted by the 
set of propositional functions such that each is satisfied by one 
and not by the other of the objects.
Later, G. Polya (1954, 1978) established the notion of clar­
ification of an analogy. Polya worked with analogies in the 
fields of mathematics and applied mathematics; he used the clas­
sical formula A:B :: C:D (or A:B = C:D), in which A can be a 
triangle and B a parallelogram, while C is a tetrahedron and D a 
prism. However, there are analogies which are not easily expres­
sed by means of this model. Anyway, Polya's advice, about not 
only enunciating fascinating analogies but pursuing research on 
them, was
19
"And remember3 do not neglect vague analogies. Yets if you wish 
them to be respectable 3 try to clarify them."
To Polya, clarification meant attaining the rigorous mathematical 
proofs of the conclusions that the analogy seemed to support. In 
Physics, for instance, one should rely usually on experiments 
because there seems to be little advantage on using analogies for 
phenomena whose theoretical laws are already well known. Study 
of Polya's books on analogy is highly advisable for anyone who 
wants to acquire a modern view of analogy. To whet the appetite 
in this direction, I would like to mention Polya's references to 
the use Kepler made of an analogy which was essentially negative 
(in the Keynesian sense) but brought such glorious results. And 
also this comment:
"It is strange that Galileo failed to consider the analogy between 
the motion of the heavenly bodies and the motion of a projectile 3 
which can be seen quite intuitively."
It was reserved to I. Newton to see this analogy and give an 
excellent "clarification" of it.
I believe that as the discipline in which analogies are used 
become less and less mathematical, the requirements for the work 
of clarification should be relaxed accordingly. Concerning this 
aspect, W. Fiedler (1978), offers an interesting discussion. It 
is obvious that analogy in zoology must proceed in a way quite 
different than that followed in mathematics or in physics. We 
must remember also that mathematics and physics were in a very 
different level of development half a millenium ago, and analogi­
cal thinking in such sciences had to proceed according to differ­
ent standards than in our days.
Before discussing, in the following chapter, the analogies 
of interest in the Codex Hammer, a list of those identified in a 
survey is given (see Table II). To include an analogy in this 
list, the only requirement was that at least one term of the ana­
20
logy were directly or indirectly related to flow and transport 
phenomena. The guiding criterion was that of not leaving out any 
possibility, thinking that it is better to discard some entries 
after a study in depth of the analogies than miss one that may 
turn out to be significant.
21
Table II
ANALOGIES INVOLVING FLOW PHENOMENA IN THE CODEX HAMMER
FOLIO ANALOGY
3V Analogy between effect of Sun on water lifting in the 
atmosphere and in mountains. (Denied).
3V Analogy between water rising in sponge and inside a 
mountain. (Denied).
3V Analogy between still and cavern in a mountain. 
(Denied).
4V Analogy between a breaking water wave and the col­
lapse of a pile of disks.
8R Analogy between a seesaw effect and the force of a 
jet on a plate.
11V Analogy between the veins of the Earth and those of 
man.
20R Interfacial phenomena related by an analogy.
21V Circulation of blood in animals and of water in the 
interior of the Earth.
22V Analogy between tornado and dust-devil.
23R Analogy between interfacial waves.
25R Analogy between dome stability and the stability of 
an air bubble at the surface of water.
25V Analogy of interfacial waves.
27R Analogy between surface tension effects and "cala­
mita" effects.
27R Analogy of flow phenomena in sand and in water.
28R Analogy between the veins of animals and those of the 
Earth.
28R Analysis between pressure phenomena in the interior 
of the Earth and interior ballistics.
22
FOLIO ANALOGY
28R Analogy between condensation in caverns and in 
stills.
28R Analogy between condensation of a cloud around its 
center and the squeezing of a wet sponge.
28V Analogy between rain pattern and horse tail.
29V Flow visualization based on analogy between water 
flow and air flow around a body.
33V Analogy between the bodies of the animals and the 
body of the Earth.
34R Analogy between Earth and animals.
34V Analogy between surface tension and "calamita".
36V Analogy between waves induced by the wind in the 
grass of a meadow and in the water surface.
23
V. ANALOGIES IN THE C O D E X HAMMER
A survey of the analogies in which at least one term is 
fluid-mechanical has yielded twenty-four entries (see Table II). 
About one third of them are concerned with underground water 
flow; the others refer to a variety of topics: interfacial waves 
of different kinds, breaking waves, vortices, porous media, and 
surface tension effects. A complete study of the analogies in 
the Codex Hammer would require an effort which is beyond the 
scope of this monograph. Only an exploratory study is possible 
at this moment, but I will try to give a general view of the 
different analogies to provide a starting point for the complete 
study. I will proceed from the simpler, limited analogies to 
those more complex and with possible wide projections.
One of the examples in the section on multichannel tabula­
tion includes two drawings (CH 8R and 23V) which I have related 
as terms of an analogy because the text on 8R strongly indicates 
a link between the man suddenly jumping in the seesaw experiment 
and a water jet acting on a board or a plate. The idea of gaug­
ing the force of a jet is found in several notebooks, including 
the Codex Hammer (see e.g., CH HR). It is, unfortunately, diff­
icult to determine what was in Leonardo's mind regarding this 
analogy between a purely mechanical unsteady phenomenon and the 
supposedly steady action of a water jet on a deflecting surface; 
this is mainly due to the unclear text of Leonardo on the seesaw 
experiment. From a sentence linking the two questions it seems 
that Leonardo was trying to establish the difference between 
impact and push ("dal percotere alio spigniere").
Another analogy in which one term is purely mechanical is 
included as an example in the section on multichannel tabulation 
(CH 4V D3 & D4). The fluid mechanical term of the analogy is the 
breaking water wave, like the ones in the rapids of a river or 
the ones in the surge at the sea or lake beaches. I have infer­
red this analogy because of the proximity of the drawings and the 
implicit link between the corresponding texts of Leonardo's com-
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ments for these drawings. There is a third little drawing (CH 4V 
D5) which belongs to the same kind of mechanical phenomenon, but 
it seems to be a poorer analogy than D4, which itself is not in 
close analogy either. I have experimented with a pile of domino 
pieces and became able to have them falling on the right side 
(and not the other way, which they also can do) relative to the 
water wave, but to me they do not do something strikingly similar 
to what the breaking wave does. Perhaps more trials are needed, 
experimenting with diverse objects having different friction 
coefficients.
There is still another analogy one of whose terms is purely 
mechanical. In CH 25R Leonardo considered a semi-spherical bub­
ble floating on the surface of stagnant water. The analogy with 
the stability of a masonry arch is introduced. Presumably Leon­
ardo was considering a dome of special shape in which no absorp­
tion of horizontal thrust would be needed. This analogy is sure­
ly worth pursuing, and it would be interesting to determine whe­
ther there is more on the subject in notebooks I have not yet 
examined exhaustively.
In CH 28V we find an analogy which may seem trivial: the 
pattern of rain drops which are seen to come down in the air and 
almost suddenly disappear at a certain height is compared, in its 
truncation, with the tail of a horse (supposedly cut out also). 
However, the use made by Leonardo of representations of human 
hair (specially in the form of curls, braids or tresses) makes 
this remark of special interest. In RL 12579 one finds a note by 
Leonardo saying: "Observe the motion of the surface of water, 
which resembles that of hair..." For analogies of this kind, the 
study of drawings should yield much more than that of written 
notes. There is, however, a serious difficulty because corre­
spondence between drawings, located one far from the other, must 
be established. The case of RL 12579R is exceptional; the typi­
cal case will be comparing RL 12662 (Pedretti-Clark 1980) and the 
hair of one of the angels in Verrocchio’s Baptism of Christ (Or­
landi 1965).
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References to the analogy between the flow of water and that 
of granular material are found in several notebooks (see the 
Madrid Codices and the Codex Atlanticus, and discussions by Maca- 
gno, 1982, 1986a). Leonardo attributed great importance to this 
analogy, which must have come very naturally to him because he 
studied experimentally the flow of granular materials in dry 
state (CM I 126V), some of which results I have verified experi­
mentally (Macagno, 1982). In the Codex Hammer (CH 27R) there is 
a discussion of the analogy between a jet of granular material 
and a water jet. Leonardo notes that the sand jet, being made up 
of separated particles each of which moves through air, exper­
iences a resistance on each particle. The water, as long as it 
remains continuous, receives an entirely different action from 
the surrounding air. Of course, adds Leonardo, water can also 
break into drops and behave more similarly to the sand. This 
passage (CH 27R) constitutes an excellent example of what Polya 
was going to call, centuries later, the clarification of an anal­
ogy.
To Leonardo, water and air were two different elements. 
Water he considered to be absolutely incompressible, and air 
highly compressible. However, he could conceive that, in some 
ways, they could flow very similarly (CH 29V), and thus he put 
them in an analogical relationship concerning their flow manifes­
tations. The motivation for the discussion of any analogy is 
very important, because it is part of Leonardo's inquiries on the 
old idea that the air turning around a body would manage to pro­
pel it through that fluid. His arguments may come from scholars 
of medieval times, but his idea of experimenting in water to 
learn about the flow relative to a projectile is clearly his own:
"If you want to see the flow air which is penetrated by a body use 
the analogy in water, i.e., (of the body) under water. The water 
be mixed with some millet, or some other small seeds which float at 
all levels in the water. And then move the body at a given level 
in the water. Thus you will see the eddying of the water. The 
water should be in a tank with glass walls."
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A small sketch of the tank is shown on the margin of CH 29V with 
the words "vetro bianco" on the side. Leonardo did not use the 
word "analogia" which I have introduced in my version of this 
passage. He said: "piglia l'esenplo nellacqua". Because Leon­
ardo attributed great importance to the compressibility of air, 
he may have had some reservations about the modeling of an air 
flow by means of water, that we do not have when dealing with 
rather low Mach numbers. Of course, we know also that the anal­
ogy is not good for the motion of projectiles when the Mach num­
ber is large. We have discovered, however, that the analogy can 
still be used with shallow water (Ippen, 1949).
Another analogy, involving a liquid on the one hand and a 
gas or vapor on the other is found in CH 28R, where Leonardo 
compares the flow generated by holding a sponge full of water in 
one's hand, and then squeezing it so that the water springs out 
through the fingers, with the flow he assumes a cloud produces by 
contracting forcefully towards its center. In the case of the 
cloud, the air would escape through the weak points of its enve­
lope and rush out violently. This comparison follows a descrip­
tion of a storm in Lombardy which Leonardo reports to have seen. 
He added :
"Thus behaved the cloud3 driven back and compressed by the cold
surrounding it3 and thus expelling the air with force making it
impact the surrounding air..."
Leonardo came much closer to a useful analogy when he com­
pared interfacial waves between different elements. In CH 20R, 
23R, 25V, 36R there are references and discussions concerning
waves at the following interfaces: air-water, fire-air, water-
earth, water-sand, air-sand. There is also a reference to the 
waves generated by the wind on the grass of a meadow (CH 36V). 
It is, however, somewhere else (CA 105a V) that Leonardo gave a 
brief statement about the interfacial-waves analogy, in which he 
exhibited his understanding of what Keynes was going to call the 
positive and the negative sides of any analogy:
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"When the wind blows3 wake the sand flat3 and see how the waves are 
generatedand note how much slower is the (sand) wave than the 
wind. Do the same thing with water> and note the differences 
between water and sand,"
The above paragraph, which begins with the sentence "Quando tira 
vento, spiana la rena...", tells us that the experiment was to be 
performed outdoors in a place where Leonardo knew that the wind 
produced sand dunes. The instructions for the experiment imply 
the analogy between certain interfacial waves, but there is an 
explicit recommendation to look for the differences. Notes about 
differences found in analogous phenomena are in several places in 
the Codex Hammer, showing that Leonardo used the analogical meth­
odology in an investigative manner thus anticipating the kind of 
use of analogy which will be seen in our century (Reynolds, 
Prandtl, and others, as recorded by Murphy 1963). Of course, for 
lack of external instrumentation, Leonardo would only achieve at 
most estimates of the quantitative differences. People without 
the experience of having to do with very poor instrumentation do 
not realize how much can be learned by using our hands, eyes and 
brain, and very primitive external means. (See section "La mec­
canica dei fluidi in Leonardo" of Macagno, 1982, and also Macag- 
no, 1953.) In the case of the interfacial waves, he inferred (we 
do not know how exactly) that the speed of propagation depended 
on the power of the "motors" of such waves. Presumably he meant 
by "power" some combination of density and speed of the driving 
element. Anyway, Leonardo could see, for instance, that the wave 
in the sand (beach waves? river bed waves?) (CH 25V, 126-19) is 
faster than that of a meandering river:
"., ,Vonda della rena è più veloce che l'onda della terra che fa 
argine al fiume,"
Leonardo conceived the river as a wave which propagates with a 
time scale in the order of years, while the other waves are in 
the order of minutes, or hours.
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Among the analogies about interfacial phenomena, those in­
volving vortices are found in several notebooks. In the Codex 
Hammer there is only one instance (CH 22V) in which Leonardo 
compares a powerful air vortex downstream from the mouth of a 
valley which, moving over water, was able to raise a column of 
water like a cloud, and another moving over a sand bed of the
Arno and, similarly, raising sand into the air and leaving in the 
sand a hole of the height of a man. Even if Leonardo was not 
present at these events and only heard about them, the fact re­
mains that he put them in an analogicial relationship. We see
another instance of interfacial vortices in CA 118a R where Leon­
ardo makes a conjecture about the existence of vortices at the
interface fire-air by assuming an analogical behavior of such 
interfaces :
"If the surface of the air abuts on the fire (sphere) as that of 
water on the air and that of earth on the water, and if the surface 
of the air receives waves and vortices like the surface of the 
water. And then, in so much as the body of the air is thinner than 
that of the water, in that much the revolutions of its vortices 
will be in larger number. Some of the vortices in water contain 
air in their center while others contain water, I do not know if 
the vortices in the surface of the fire do something similar. The 
vortices generated at the surface of the water are all with air 
inside. Those generated in the midst of the water are full of 
water and are of more duration, because water in water does not 
weigh as the water in the air. Hence, the water vortices around 
air have weight and die quickly."
A predictive use of analogy was done in this case. Only many 
years after Leonardo, investigations of density and temperature 
stratified fluids came to confirm the prediction of analogous 
behavior of vortices at different kinds of interfaces. I have 
extended the analysis of analogy of interfacial vortices to ano­
ther document to show that the idea of thoughtless listing of 
topics can easily be challenged. This is a question in need of 
study, and is one of the topics which has not been explored in 
the Codex Hammer, or at least not studied using modern approach.
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There are in the Codex Hammer (27R and 34R) some analogies 
that Leonardo introduced, or were suggested to him by his read­
ings or conversations, in which one of the terms is the magnetic 
force. Liquid drops seem to be attracted to each other and they 
coalesce into one before our eyes. The very formation of a drop 
appeared to Leonardo as due to mutual attraction of parts of the 
tiny amount of water as if it were a minuscule model of the 
sphere of the water. He saw an analogy with the way a magnet 
attracted a piece of iron, but it seems that he could not pursue 
much farther this analogical thinking. In CA 205R Leonardo said 
about what we call now surface tension or surface energy that
"I do not see that human ingenuity can create a science other than 
saying that ( such force) is like that of the load-stone that at­
tracts a piece of iron, i.e,, that such a power is an occult prop­
erty, of which there are many in nature".
We know how long is the way the human mind must go before such 
"occult forces" are understood, because our century is approach­
ing its end and the fundamental forces are still under scrutiny, 
that of gravity seemingly resisting all efforts of reduction so 
far. Here, it may be useful to consider how foolish it would be 
to attribute to Leonardo's analogies an anticipation of the pre­
sent efforts to reduce all forces to a unified theory. Vague 
ideas about a unity of all things in the universe were much older 
than Leonardo and have always been floating around; progress 
towards proving or disproving such unity is very difficult (we 
know it now better than ever before). This leads us to Leonar­
do's notes on the old idea of analogy between cosmos at a differ­
ent scale. Is the planet in which we live like our body, and the 
body of the animals? This is a very seductive notion which may 
take very long to be abandoned, if ever. In the CH, Leonardo is 
obviously working on this idea to gain understanding about two 
flows, that of blood in the human body and that of water in the 
Earth. The analogy is considered in CH 11V, 21V, 28R, 33V, 34R, 
which refer specifically to the veins for the flow of blood in
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the body of human beings and animals and the veins of the Earth 
through which flows the water. In CH 31R we find a drawing show­
ing the veins of the Earth with their ramifications, Leonardo 
says in this folio that
"the veins originate at the bottom of the seas and go through the
Earth up to the summits of the mountains, pour into the rivers and
return to the seas".
When one examines the many notes on this analogy, one finds 
Leonardo trying to find a reasonable mechanism by which the water 
would be able to go from the bottom of the seas up to the summits 
of the mountains. In CH 3V three possibilities are considered 
critically. One is the mechanism of capillary ascent of water; 
the mountains are compared with a porous material (sponge), but 
Leonardo's experiences with a strip of felt (CH 34V) revealed to 
him that, in order to have the water flowing, the porous material 
must be bent down to a level lower than that of the water which 
enters the material (Fig. 1). In this case, the analogy does not 
work because the boundary conditions of each system are differ­
ent. The second possibility is based on evaporation: the water
goes up from seas and lakes into the air due to the heat of the 
Sun, a similar phenomenon should occur inside the anfractuosities 
of the mountains. Leonardo discards this idea by using an argu­
ment based on what happens in mountains in hot and cold regions, 
which he finds in contradiction with the prediction of this 
theory: mountains in hot regions may yield almost no water,
while mountains in cold regions yield a lot of water. The third 
possibility is that the water comes out of the mountains much 
like a liquid comes out of stills in the distillation process, 
but here again Leonardo finds that, in nature, the conditions are 
not those of the stills in which a conduit must go down more than 
any similar conduit in nature. This objection is illustrated by 
an experiment shown in CH 3R (Fig. 2).
We must find in other notebooks the phases of this interest 
of Leonardo concerning macro- and microcosmos, but already in the
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Codex Hammer there is evidence of his critical attitude. He 
finds fault with the different mechanisms by which the water 
would accomplish the underground flow postulated by the theory of 
the Earth behaving like an animated body. But we need not pursue 
this analysis any further, because Kemp 1982, 1983, has done it 
already and has shown where Leonardo stood finally, concerning 
the analogy between Earth and animated bodies.
Kemp believes that Leonardo cherished the analogy between 
blood flow and water flow in the Earth. If so, he was driven 
like Kepler later was, to study the matters involved very thor­
oughly, each of the two men, of course, within his own powers and 
limitations. In CH 28R, Leonardo tried to understand an aspect 
of the underground flow of water by using an analogy between 
great forces within a bombard and similar great forces inside the 
Earth for water trapped inside it. Presumably, this occurred 
after he had done some study of interior ballistics, in which he 
tried to figure out how much great forces could develop that 
could blow a bombard into pieces. For this to happen, he believ­
ed that the fire inside the bombard would tend to grow very much, 
and being confined, it would become very dense and hard, actually 
denser than the material of the bombard walls. Only then could 
he conceive that the walls could be displaced, because of being 
pushed by something heavier. Leonardo could obviously not ex­
plain the explosion by the great increase of pressure due to a 
great increase in temperature in a fluid. This is an analogy 
between two phenomena thought to happen along similar lines. In 
fact none of the two happens in the way thought by Leonardo. We 
have here an example of analogy established between two wrong 
conceptions !
In closing this chapter on analogies involving flow pheno­
mena, I want to say that an investigation, including correlations 
with other manuscripts of Leonardo is an effort well beyond the 
aims of this monograph. This contribution, although trying to 
present an overwhelming show of the many questions still waiting
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to be scientifically approached, is very limited in scope and 
achievement. Much remains to be done; Leonardo must be studied 
by those with experience in the difficult area of the negative 
analogy (in the Keynesian sense), and such an investigation is 
bound to be long and full of hard work. The final goal should be 
to gain a deep insight in Leonardo's analogical thinking.
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VI. EXPERIMENTATION IN THE NOTEBOOKS OF LEONARDO
Some of those who have expressed opinions about Leonardo 
performing or not the experiments described in his notebooks have 
not been experimentalists themselves, or they have performed 
experiments of an entirely different nature and scope in a com­
pletely different period of the development of science. Many 
persons in science and technology have never performed qualita­
tive experiments during a phase in which a new idea is sought 
rather than quantitative data (Macagno 1953). It is very easy to 
take an anachronistic approach to what was written or done cen­
turies ago. It seems important for the student of Leonardian 
fluid mechanics to have a direct access to the writings, and in 
this case to the drawings also, together with an experience 
which, in some ways at least, bears some similarity to that of a 
man trying to enter new fields of endeavour. An ability to re­
produce, or find in nature and in man-made systems, the same or 
similar experimental situation, is also of great importance. The 
question of Leonardo as an experimentalist of flow phenomena is 
better answered in the laboratory, or by observing nature and 
man-made hydraulic systems, than in the office or in the library, 
as many scholars have done, and still do.
What Leonardo did in the way of experiments must have been 
quite similar to what we do nowadays when we begin research in a 
new area. It must be taken into account that flow phenomena and 
transport processes are relatively easy to produce, and sometimes 
to observe, with little or no effort on our part; sometimes a 
nearby creek, a fountain, a pool or pond, can provide the ele­
ments necessary for an important observation. However, this is by 
no means children's play on which one can smile condescendingly. 
I happen to know that Sir Geoffrey Taylor (one of the great 
fluid-mechanicists of our century) observed in his own kitchen 
the first experiment of singular solutions of thin water layers 
in air, by having the water jet coming out from a faucet imping­
ing on a spoon properly oriented. He repeated the experiment more
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than twenty years ago, before giving a lecture on his findings in 
this subject, at the Iowa Institute of Hydraulic Research. About 
the different ways of playing, there is a delightful story attri­
buted to Empedocles (Lloyd, 1966): a girl is playing with a 
clepsydra and Empedocles begins to see an analogy between the 
mechanics of respiration and the way the clepsydra works; one can 
almost see Empedocles taking the "toy" away from the girl to play 
himself.
Any experimentalist who has engaged in creative work knows 
the value of qualitative experimentation (see Macagno, 1953), and 
knows also that some hints about quantitative relationships in 
physical phenomena can result from rough estimations with rudi­
mentary means and instruments. There are things about turbulence 
and its structuring, in spite of the apparent chaos, that can * be 
learned by observing a turbulent river, specially when the waters 
are not clean. Granted that nature does the experiment, but only 
the trained (or self-trained) experimentalist has penetrating 
eyes for it. Much of what Leonardo da Vinci did in this manner 
of research remains to be studied, from the point of view of the 
generation of knowledge, by keen observation of nature and by 
experimentation of a kind quite different from that which goes on 
in our laboratories. One must, before all, reach the point of 
being able to work in a corner of our laboratories, the way in 
which Leonardo must have worked, before one can really understand 
his writings and his drawings. One must take into account the 
studies of others, of course, but only to analyze them critically 
and determine why they continued to fail to see clearly what 
Leonardo was doing. This is surely not an easy task, and there 
is no assurance of success, but it must be attempted, lest Leon­
ardo remains an unknown in one of his most original undertakings 
as is the science of flow and transport phenomena. It is in this 
science that he excelled as an experimentalist with a new method­
ology (see Macagno 1985b).
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CODEX HAMMER
In the search for experiments described in the Codex Hammer, 
I have taken into account that it is usually difficult to deter­
mine if an experiment was only thought by Leonardo ("gedanken 
Experiment"), or proposed, or planned, but not performed. 
Thought experiments have been useful at least from the times of 
Aristotle (see, e.g., Kuhn 1977). I am convinced that he actual­
ly conducted only some experiments, mostly of qualitative nature, 
or including crude measurements and estimates, but in the survey 
presented in this paper, all situations of an experimental nature 
have been included. A complete study of the 35 entries is beyond 
the scope of this paper. Such investigation would be a major 
project, requiring the application of the laboratory methodology 
(Macagno 1982). In this monograph, only some cases can be dis­
cussed with the purpose of illustrating how much remains to be 
investigated scientifically of this notebook in this area. The 
remaining chapters give an account of my first steps in the study 
of the Codex Hammer, and what I deem necessary to undertake.
The 35 entries have been organized in a tabular form which 
contains the number of the entry, a representative sketch, the 
category, a brief description, and the location in the Codex. 
Each drawing (Table III) is based on one or more drawings by 
Leonardo. There are cases in which one finds many drawings show­
ing different details or different experimental configurations, 
especially in the case of scour around objects placed on a sand 
bed. Then, either one of them has been selected, or one drawing 
of mine represents the general idea. In one case, a sketch was 
created, because Leonardo only described the experiment in words 
(see Entry No. 35).
I believe that for those who have some familiarity with the 
science of flow, Table III should represent not only a summary of 
my survey but also a view of how much is contained of an experi­
mental nature in the Codex Hammer. I know that some of the en-
VII. RATIONAL SURVEY OF EXPERIMENTATION IN THE
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tries should be very appealing to some researchers who are en­
gaged in the corresponding area of research in these very days. 
One example of this kind is offered by Entry 22 which illustrates 
schematically the interest of Leonardo da Vinci in horse-shoe and 
neck-lace vortices, a subject I myself explored in the late for­
ties when my means in my native Argentine were not at all sophis­
ticated, as the ones used now by colleagues of mine in the most 
advanced centers of fluid flow research in the world. I must say 
that I am glad to have had great difficulties in the early years 
of my research life, because it was a good training in qualita­
tive work and qualitative analysis (Macagno, 1953). It is not 
easy to understand Leonardo, if one does not put any value on 
quality, and believes that research is only synthesis of quanti­
tative data, or sophisticated mathematical analysis.
I believe it will be useful to other investigators of Leon- 
ardian science of flow to know that I have familiarized myself 
with the work of Ludwig Prandtl and Geoffrey Taylor through their 
collected works (see Prandtl, 1961 and Taylor, 1958). From such 
readings I have gained views that have helped me very much in 
understanding the importance of qualitative thinking as well as 
quantitative thinking. Also very valuable is the book in which 
the work of Hunter Rouse is gathered (see Rouse, 1971).
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TABLE III
E X P E R I M E N T S  I N  F L U I D  A N D  F L O W  S C I E N C E  I N  T H E  C O D E X  H A M M E R
1 STATICS OF FLUIDS
Experimental apparatus to gage hydro­
static force and pressure distribution 
on the wall of a water tank.
6R
2 STATICS OF FLUIDS
Experimental apparatus consisting of a 
water tank, a bellows, and a weight 
to produce controlled pressure and jets.
H R
23V
26R
3 STATICS OF FLUIDS
Water bag with a nozzle, so that jets 
can indicate the pressure generated by 
weights placed on the bag.
7 V 
12V 
2 3V
4 STATICS OF FLUIDS
Communicating vessels of ordinary and 
inverted kind. One of them presents a 
paradox.
7V
26R
34R
5 STATICS OF FLUIDS
Device designed to sink in water only 
to a given depth. 13V
6
STATICS OF FLUIDS
Spherical bubble hanging from vertical 
tube. 2 5V
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7 STATICS OF FLUIDS
Stability of a semi-spherical bubble 
floating at the water-air interface.
12V 
2 3V
8
STATICS OF FLUIDS
Shapes of liquid drops resting on a 
solid flat surface.
2 3V 
25R 
34V
9
FLOW VISUALIZATION
Glass-wall flumes to investigate wa­
ter currents,and flow around moving bo­
dies, by the use of tracers.
13V
29V
10
FLOW VISUALIZATION
Experimental channel to generate wa­
ter waves and to observe circulation 
patterns. Waves produced by means of 
an air current.
9V
11
FLOW VISUALIZATION
Visualization, by imprint, of the flow 
around a liquid drop as it impacts aflat 
solid surface.
33R
12 VELOCITY MEASUREMENT (?)
Rotating device which seems to have 
been designed to gage velocity by 
means of a "centrifugal-force” effect. 
It is not clear if a liquid is used.
28R
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13
DYNAMICS
Study of the jet coming out from an or­
ifice in the side of a water tank.
12V
23V
30V
14
DYNAMICS
Family of water jets. The parameter is 
the height of water in the head tube. 
Maybe, this was meant to be a variable 
jet.
12V
/ ■ ■ / a  / /
15
DYNAMICS
Determination of the force,applied by 
a horizontal water jet on a flat plate, 
by means of a pendulum device.
H R
16
DYNAMICS
Determination of the force of a water 
jet which falls on a plate mounted on 
a balance.
23V
17 DYNAMICS
Experiments in which the perforation of 
a water nappe,by a water jet is inves­
tigated.
23R
23V
18 
DYNAMICS
Propagation and superposition of water 
waves. The waves may be generated by 
impact on the wall of the reservoir or 
on the water surface.
12V
14V
23V
29V
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19 DYNAMICS
Initial flow caused by the impact of 
a sphere falling on water at rest. 14V
20 
DYNAMICS
Stationary wave patterns in supercrit­
ical open-channel flow.
19R 23R 
27V 29R
36R (?)
21
DYNAMICS
Analogy between two experiments : the 
collapse of piles of objects and the 
breaking of a water wave.
4V
26V
22 DYNAMICS
Vortices formed upstream , and around/ 
obstacles placed in open channel flow. 
Horse-shoe and necklace vortices.
9R 13R 
15V 21R 
22R 25R
23 
DYNAMICS
Vortices in air and in water currents 
observed both in nature and in man­
made flows.
12V 13V 
15R 24R 
25V 28V 
30V
24 
DYNAMICS
Coalescence of liquid drops.
2 3V 
25R
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25 DYNAMICS
Experiments with different kinds of 
siphons. The influence of the shape 
of the tube in the functioning , or 
malfunctioning,of siphons was considered.
26R 27V 
34R 34V
26
DYNAMICS
Self-priming siphons can be made of cer­
tain materials, dimensions, and shape. 34V
27
TRANSPORT PHENOMENA
Method for the removal of the sedi­
ment deposited on the bottom of an 
aqueduct. Only the water already in 
the canal would be used.
22V
28 TRANSPORT PHENOMENA
Erosion of the bottom produced by a 
falling nappe of water which becomes 
a submerged jet.
14V
18R
29 TRANSPORT PHENOMENA
Scour around bodies of various shapes 
implanted on a sand bed. Experiments 
related to those in Entry 22.
14R 15V 
16V 17R 
22R 24V
30 
TRANSPORT PHENOMENA
Rivers viewed as long-term, natural 
waves whose course can be modified 
by man.
5R
32R
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31
MIXING AND DILUTION
A constant flow rate of water passes 
through a vessel initially full of 
wine. The resulting dilution of the 
wine is studied as a function of time.
26V
32
THERMAL PHENOMENA
Using a wrong theory, Leonardo gave the 
wrong result for this experimental si­
tuation.
3V
33 THERMAL PHENOMENA
An experimental situation used in the 
long study of the flow of water 
through the veins of the Earth.
3V
34 THERMAL PHENOMENA
Devices used for the study of vapor­
ization of water. The sketch shows 
the apparatus which may have worked 
satisfactorily.
10R
15V
35 
THERMAL PHENOMENA
Technique proposed for the measure­
ment of evaporation in water drops 
as they fall through the air.
19R
36
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Vili. PHYSICAL PROPERTIES OF FLUIDS
The study of flow requires the knowledge of certain physical 
properties of the fluid. Leonardo recognized the importance of 
almost all the properties that are essential in the study of flow 
and transport phenomena, but of some of them he had very vague 
notions. This is an aspect of Leonardian fluid mechanics which 
must be investigated more deeply than it has been. Physical 
properties must be determined experimentally, some by means which 
do not require any flow, but others are manifest only when the 
fluid flows. Some respond to rather basic simple notions, and 
others require a rather deep understanding of basic physics. As 
fluid mechanics advanced historically as a science, new refine­
ments in the theory and in the measurement techniques made pos­
sible to define properties which were essential to make progress. 
Without an understanding of how the science was developed it is 
not possible to make a serious study of Leonardian fluid mechan­
ics, or of any other early period of this discipline. Because 
little attention was given by scholars to this science, the study 
of physical properties in the notebooks of Leonardo, including 
the Codex Hammer, remains to be done.
The notion of specific weight is much older than Leonardo, 
and he appears to have grasped it quite well, and to have had 
some ideas of how to determine the specific weight of a given 
material. One finds also references to density. We know that 
many people still confuse mass and weight, and Leonardo did not 
escape this pitfall. But we know also that even persons who 
confuse conceptually mass and weight can work with mechanical 
problems in a practical way and obtain acceptable results. For 
instance, Leonardo was able to formulate and solve satisfactorily 
the problem of calculating the proportion of two miscible liquids 
of given weight or density, which would produce a mixture of a 
desired weight or density. (See Codex Atlanticus 197 R-V and 
Macagno, 1987c).
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Leonardo considered water as an absolutely incompressible 
liquid. In fluid flow we do the same, most of the time, because 
rarely we must work with flow conditions in which compressibility 
effects become important. We must be careful when describing the 
conditions for which compressibility must be taken into account 
for liquids, because it is not always something one can put in 
terms of the Mach number alone. For instance, there are problems 
of water at rest under very large pressure, in which the compres­
sibility cannot be ignored, and obviously this is a case with 
Mach = 0. For air, Leonardo over-estimated (as many still do) 
the effects of compressibility on the flow. But for the gas at 
rest, he was able to see that doubling the pressure would result 
in a reduction of the volume to one half. (See experiment repor­
ted in the Madrid Codices and discussed in Macagno 1982).
Although we may not know how, Leonardo knew that water, as a 
natural liquid, can experience changes in the values of its pro­
perties, due to materials in suspension or in solution. Thus, in 
CH 19V he noted that rain water may have differences in density 
from summer to winter because it collects more dust during the 
summer. Still more important differences occur in turbid waters, 
or in those which contain salt. Leonardo was also aware of chan­
ges due to temperature. He did not have a notion of temperature 
like ours; he talked of cold and warm or hot water (as if warm 
and cold were different states).
Leonardo was puzzled by the effects of what we call surface 
tension (or surface energy). He noted the coalescense of liquid 
drops when brought together, and compared the mysterious force 
producing such an effect with the magnetic force or "calamita" 
(CH 23V & 25R). He also used for such force the words "colleg­
anza" and "tenacità". Of viscosity, as we define it and under­
stand it today, he had no idea; it seems that he used the term 
for some vague notion of its mechanical functions.
We talk of capillarity when water ascends in a very thin 
glass tube or in very fine sand. Leonardo mentioned this effect
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in CH 25 when describing that the water of a river can climb 
above its own level (in the river) because it wets the soil of 
its banks. In the Codex Atlanticus, Leonardo illustrates this 
phenomenon with an interesting experiment in which he shows that 
water can climb out of a vase if a piece of cloth is put properly 
around the rim of the vase with one end submerged in the water 
(see entry 26, Table III). He commented that water was "doing 
something contrary to the nature of its gravity". Leonardo dealt 
with drops and bubbles in CH 12R-V, 23R-V, 24V, 25R and 34V.
Other properties of water considered by Leonardo are optical 
properties, like reflection and refraction, and thermal proper­
ties, like vaporization and condensation. In CH 10R and 15V he 
proposed devices to determine the amount of expansion experienced 
by water as it passes from the liquid to the vapor state. Such 
devices must be studied using the laboratory methodology and 
accurate analysis and not just on the basis of general considera­
tions (see Chapter XIV, Thermal Phenomena).
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IX. STATICS OF FLUIDS
I have written several reports on the statics of fluids in 
the notebooks of Leonardo, including the Codex Hammer (Macagno 
1982, 1985a, 1987a). Only a summary of the hydrostatics contain­
ed in this codex will be included here, emphasizing those points 
which have not been explored by others.
There are in the Codex Hammer some notes about hydrostatics 
at a planetary scale. Leonardo usually follows the idea of a 
physical world which is, or tends to be, stratified around a 
center. Although he seems to accept a unique center of the 
world, his opinion changes seeing that there are examples of 
other spheres, like that of the Moon, and even that of a drop of 
liquid. He concludes that there can be several configurations at 
different scales in different places. The Moon should have, by 
analogy, its own spheres, as the Earth has them. The Moon does 
not fall down to the Earth because it has its own center. Far 
from Leonardo's mind any dynamic explanation; although some of 
his experiments described in the Codices Madrid and Atlanticus 
show some understanding of "centrifugal force" he does not con­
nect one thing with the other at all. The idea of a center hold­
ing the Moon up there as nailed to a point in space, is condensed 
in the sentence of CH 2V :
"By not doing it (i.e., failing down to Earth.) it is shown that it 
has an established place with its elements around, as said."
That gravity had something to do with this planetary hydrosta­
tics, and with that at any other scale, was expressed by a sen­
tence in CH 26V:
"It is not possible to describe the behavior of water unless one 
explains first what gravity is, and where it begins and where it 
ends."
Although he made little progress if any in this matter, he ob­
viously recognized its importance. Without developing some basic
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notions of dynamics, he could not reconcile attraction of one 
planet on another with the fact that they did not show any sign 
of coming together. In a certain way, his rejection of an at­
traction of the Moon as the cause for the tides is consistent 
with his rather static perception of the planets in space. There 
is a sentence in CH 17V which, however, appears to indicate that 
he left the question somewhat open, subject to further considera­
tions. He wrote down there:
"Whether the flux and reflux (of the sea) is due to the Moon, or 
the Sun3 or to the breaking of the Earth as a machine. Note that 
the flux and reflux is different in different countries and seas."
Perhaps Leonardo found it difficult to admit a universal cause 
which could still produce such important local differences; this 
could be so, especially for somebody knowing that all the seas 
communicated one with another (CH 15R). For other questions 
regarding statics at a planetary scale, the reader is referred to 
Macagno 1985a. The same applies to a discussion of the comments 
on communicating vessels and on siphons. In this way, I will be 
able to dwell on the very important question of hydrostatic force 
and pressure.
In the Madrid Codices one finds a number of notes and very 
telling drawings on the question of hydrostatic forces, but the 
Codex Hammer offers a passage (CH 6R) which is very valuable in 
the investigation of the notion of static pressure in Leonardian 
fluid mechanics. It may seem paradoxical that Leonardo under­
stood better the concept of pressure than that of force, in con­
nection with the pressure and force exerted on the wall of a 
tank. And much of this is true also for the inner pressure in 
the water of that tank. We can understand how this can happen, 
and explain it in terms of our understanding of the behavior of 
Pascalian fluids: the pressure becomes isotropic and can be 
reduced to a scalar (as a degenerate tensor of second rank, which 
is what really is), while there is no way for such a simplifica­
tion for the forces on the different walls of a prismatic tank 
and the force on the bottom (Macagno 1987a).
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There is another aspect to be taken into account, the dif­
ference in our way of looking at force and pressure and that 
which Leonardo could have developed. We have been taught not to 
look with mistrust at the multiplication, or division, of two 
physical quantities of different nature, like force and area or 
length and time, etc. Because of that implanted notion (which 
many of us have accepted too promptly) we can be induced into 
looking at pressure "as nothing else" than force divided by area. 
Students have not been too critical towards their teachers about 
this, which seems to make the pressure (or the stress, more gen­
erally) into a vector.
To Leonardo, if he had considered clearly the two physical 
concepts as separate one from the other, they could have appeared 
as things as independent as length and time. However, he appears 
to have perceived that force was behind his efforts to grasp the 
idea of pressure. One must be very careful in reading Leonardo’s 
notes and in interpreting his drawings, and the experiments and 
measurements they represent, to determine if he really reached 
the point of having a grasp of what we call pressure (with the 
notion of an intensive rather than an extensive quantity). The 
drawing D6 in CH6 R defines an experiment which I believe it is 
more important to be able to conceive than to actually perform. 
It is the birth of the notion of pressure that we have in front 
of us when we look at such a drawing (Fig. 3). One of the walls 
of a prismatic tank is replaced by a number of strips after we 
have closed that wall with a thin membrane to make it water 
tight. The plates are held in place by means of strings or 
cables which pass over pulleys so that convenient weights can be 
used to counter the force on each plate due to the water thrust 
against the wall. What Leonardo did in this remarkable drawing 
was a mechanical (instead of mathematical) differentiation of the 
hydrostatic force on the wall. Of course, Leonardo did not think 
of something like our dF/dA = p (the ratio of elementary force 
over the corresponding elementary area is equal to the pressure).
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There is absolutely no indication, not even a hint, of a division 
of force by area (in the Codex Hammer). What we have is a sub­
division of the total force in parts. In our way of expressing 
these things, we have different AF's acting on equal A's. The 
area is divided in equal parts (AA) and the force will be seen to 
be subdivided in unequal parts (AF), which become larger and 
larger as we go down; an understanding of how the force is dis­
tributed from top to bottom must necessarily result. The confi­
dence of Leonardo in this experiment is revealed by a passage in 
this folio CH6 R in which he says that the increase in pressure 
with depth is revealed by the force of jets coming out from ori­
fices at different heights on the wall. Such jets are shown in 
the drawing D1 on the margin of CH7 V. Jets as indicators of 
pressure inside a container or a bag full of water are described 
in other notebooks like the Paris notebooks and the Madrid Codi­
ces. (Ms C 7R, CM I 114V, 124V) described in Macagno 1987c.
The above experiment is not an isolated passage in CH 6R. 
There are in this folio comments about the "potentia" exerted by 
water on dams, with the corresponding illustrations. Unfortu­
nately, in this same folio one finds a paragraph which seems to 
reveal a serious lack of understanding of the very concept so 
beautifully illustrated by the above experiment (CH 6R D6):
"Water which is not flowing does not weigh over its bottom. This 
is illustrated by the very thin plants undulating over such bottom} 
and by the very light mud over the bottom of ponds. That mud has 
nearly the same lightness the water has. If the water would exert 
a load on such a mud it would compress it to the point of hardening 
it as rock. Because the opposite happens, the experience confirms 
the statement that the water does not weigh on its bottom."
This and other comments in CH 26V and 34R which are similar, may 
lead to believe that Leonardo confuses equilibrium between the 
weight of the water above the bottom and the reaction of the 
bottom. Of course, we have to use our way of seeing this situa­
tion, but this is the only access we may have to some of his 
misunderstandings, or apparent misunderstandings. When Leonardo
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says that "water within water does not weigh" he may be partly 
wrong only. He perceives that any portion of water in stagnant 
water is neutrally buoyant, i.e., is in equilibrium with the 
surrounding water. But, of course, if he means that such water 
is not acted upon by gravity he has missed something. It seems 
that to him, the weight does not exist (or exists only potential­
ly) if it is not able to produce motion.
Leonardo seems not to have developed the notion of an am­
bient pressure, although in some considerations of air bubbles 
under water in Ms F 37V he spoke of forces acting on the bubble 
from all directions. His discussion of the topic in CH 25R is 
not clear. Leonardo, in the case of the plants and the mud men­
tioned in CH 6R was not seeing yet things as well and in the case 
of his analysis of the forces on the air bubble. Did he ever 
connect the two phenomena? If so, he must have realized that the 
plants and the mud particles were receiving almost as much force 
from above as from below, or that the pressure around them was 
nearly uniform, although not completely so.
In this analysis of force and pressure we may find difficult 
to define where Leonardo really stood. This raises the question 
of the way in which new ideas may have developed, how well, with 
what depth they were grasped, what was missed. When new know­
ledge is in the making, there is much going back and forth be­
tween the right and the wrong. The lines separating dark from 
illuminated areas change and may be ill defined. I cannot help 
but be highly critical of those who, not knowing fluid dynamics, 
explain without much study what Leonardo meant in his writings 
and drawings about flow phenomena. In CH 6R there is a final 
sentence which adds to the confusion by speaking of a method to 
determine where the pressure is higher along the bottom. Unfor­
tunately, the method is not spelled out, but there is undoubtedly 
the notion conveyed there that there is some idea about a force 
exerted on the bottom. In other notebooks, we find much clearer 
notions about the force on the bottom and the ways one can use to 
determine it (see Macagno 1982).
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To close this section on hydrostatics in the Codex Hammer, I 
would like to call the attention of the reader to the devices 
shown on the margin of CH HR. The drawings D1 and D2 are ob­
viously related. The first drawing (Fig. 4a) shows very clearly 
the intention of constructing an experimental apparatus by modi­
fying an existing pitcher in such a way that one can produce 
controlled pressure in its interior. The pressure would be indi­
cated by a tube connected to the container at its lowest point. 
This is a manometric tube, although it may have had also a mean­
ing related to water lifting devices. This device combining a 
container in which there is usually (though not always) water and 
air, a bellows of the vertical type, and a weight on top of the 
bellows is found in many places in the notes of Leonardo, (see 
the Codex Atlanticus and the Madrid Codices). I have discussed 
the significance of designing this device and using it for dif­
ferent purposes in a recent paper on Leonardo's methodology in 
his investigations of flow phenomena (Macagno 1985b). One of 
such uses is illustrated by the second figure in CH 11R (Fig. 
4b). We can see there a self-contained unit for the measurement 
of the force of a water jet on a plate (see No. 15 in my survey 
of experiments in the Codex Hammer). This experimental arrange­
ment reveals an understanding of hydrostatic pressure; its appli­
cation to the dynamics of jets will be discussed somewhere else. 
There are more devices of this kind which have been applied to 
hydrostatic investigations, like the third drawing in CH 11R in 
which a property of communicating vessels is illustrated in a 
purely pictographic message, similar to that one of the last two 
sketches of CH 26R (D9 and DIO). Of interest are also the de­
vices shown in drawings D3, D4, D6, D7 on the margin of CH 26R in 
which the system container-bellows-weight is used to study other 
hydrostatic questions related to communicating vessels and to 
manometers (see Macagno 1985a and b).
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X. FLOW VISUALIZATION
I have been unable to find any reference about the use of 
flow visualization methods preceding those of Leonardo da Vinci. 
My own experience (Macagno 1969) has shown to me how much can be 
learned from the different techniques one can use to make visible 
the flow phenomena which occur in air, water and other fluids. 
We still use some techniques that Leonardo mentions in his note­
books, but have at our disposal many others. In practically all 
of them we use photographical or cinematographical recording, but 
Leonardo had to rely on his eyes, brain and hand. Some of my 
colleagues, and I, still use these means because there are draw­
ings which do what no camera, even those helped by computers, can 
do.
On folio CH 13V there are a number of sketches of streams or 
currents which meet at different angles and generate vortices 
which seem to be helical (Fig. 5). The text on this page does 
not mention the vortices, however, but we are told about them by 
the figures. To my knowledge, no systematic reading of Leonar­
do's drawings has been done before; of course this is no easy 
task because it requires much more preparation than that needed 
to read the texts of the notebooks. It is through a reading of 
the sketch in the middle of the margin (GH 13V D8) that we can 
infer that the drawings are the result of flow visualizations in 
a canal. There we see, in fact, the section of a glass-walled 
flume with a caption below that says:
"this will be seen between two glass plates in the middle of which
flows the water".
Although the text does not mention the vortices, it describes the 
scouring effects they produce on a sand bottom in the flume, 
which is not mentioned explicitly either. For instance, a case 
is described of a small, fast moving stream which hits a large, 
slow stream. The water of the latter is pushed back and pene­
trated by the former stream over an area equal to its cross-sec­
53
tion. This corresponds to the modern description of a submerged 
jet, only that we know that the jet expands somewhat, as it pene­
trates the ambient fluid. Leonardo adds that the motion becomes 
curvilinear finally and reaches the bottom and scours it. This 
curvature must be due to the solid boundaries present in the 
experiment, but no detail is given to ascertain how it can hap­
pen. In this same folio, Leonardo made a note on the measure­
ments that should be done on the streams considered in this ex­
periment: one, of their depths, and the other, of their velo­
cities. For the measurement of time necessary to determine the 
velocity, Leonardo proposes the use of the "tempo armonico", or 
musical time, as more accurate than the heartbeat. Initially 
there were 1080 "musical intervals" in one hour (Zubov 1968, p. 
258), but later the number was changed to 3000.
In the discussion about analogies, I have described already 
the flow visualization proposed by Leonardo in CH 29V consisting 
in putting fine particles in suspension in a water tank or flume. 
Another experimental tank is shown in two sketches on folio CH 9V 
where tracer particles are also mentioned. In this folio, Leon­
ardo is concerned with the universal flood and whether it could 
have transported shell-fish from the seas to the mountains of the 
Earth. This question has already been considered by other auth­
ors (see, e.g., Kemp 1983); I will deal here only with the means 
proposed by Leonardo to visualize the flow that the wind, and the 
waves, can produce in the water of the sea, and that could have 
transported the shells. The first sketch in CH 9V, D1, repro­
duced in No. 10 of my survey of experiments, shows an experimen­
tal flume, which can be used to study the water circulation gen­
erated by waves propagating in a given direction at the top of a 
water layer (Fig. 6). In a marginal note with the title "Speri- 
entia" Leonardo wrote beneath the sketch:
"Test in your flume, with the wind going from .a. to .h, to see how 
the thing .n. on the bottom is moved. My judgment is that it will 
move to .m."
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Below another sketch (CH 9V D2) with deeper water, Leonardo wrote
"To see whether the small surface wave induces flow in deep water,
put water mixed with millet seeds in your tank with glass walls..
Then he added that a terracotta trough should be made, 2 "brac­
cia" long and half "braccio" wide, and made a memo about asking 
the potter to make it. Perhaps on this trough were to be mounted 
glass plates to be able to observe the flow. The experiment may 
have been actually run, but it is difficult to tell what it might 
have actually shown. We know nowadays that wind generates not 
only waves but also circulation. In deep waters, the wave motion 
has little effect on the bottom, if any. Because Leonardo does 
not mention any specific results of such experiments, it is prac­
tically impossible to discuss this experiment beyond the design 
of it. Probably what Leonardo may have shown in fact, is that 
the wind established a circulation, and that the flow near the 
bottom was opposite to the direction of the wind. To investigate 
the effect of the waves alone, they should have been generated by 
means other than the wind, i.e., by means not tending to generate 
a circulation themselves. Dean and Dalrymple, 1984, mention in 
their recent book on water wave mechanics that one can observe a 
small float being slowly displaced in the direction of the waves 
in a wave tank, in which the waves are generated by an oscillat­
ing plate and not by the wind. In this book, one can find also 
references to the theoretical work of G. Stokes who proved mathe­
matically that there is a mass transport as well as a momentum 
flux in progressive waves. In what concerns transport at the
bottom level, these authors describe briefly the work done by 
Russel and Orsorio in 1958, and more recent work. The problem is 
not an easy one and is fraught with difficulties. Only very well 
trained researchers would dare nowadays to engage in this type of 
investigation. Leonardo had the advantage of not realizing how 
difficult were some problems he wanted to solve. We must recog­
nize that, in some cases, he was able to intuitively gain a rea-
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sonably good understanding of basic aspects of complicated prob­
lems .
In the visualization of the mass transport due to waves, 
Leonardo took advantage of a phenomenon observed at the sea, as 
indicated by the following note in the same folio:
"...we have proven that the waves at great depth move along the 
bottom in direction opposite to that at the top, as shown by the 
turbidity of the sea due to soil removed at the shore".
In this reasoning there is a possible flaw, because unless the 
difference in density between clear water and silt- or mud-laden 
water is cancelled by some unknown effect, the muddy water will 
flow along the bottom due to its higher specific weight. Rather 
strong currents can be generated by small differences in density. 
Only a tracer that would leave the density of the water practi­
cally unchanged should have been trusted to correctly indicate a 
bottom current. Leonardo was not totally unaware of the tendency 
to stratification of waters of different density but it is doubt­
ful that he took it into account at this juncture. As in many 
other cases, only further study using the laboratory methodology 
(Macagno 1982) can lead to a final clarification.
An experiment in which the fluid itself is arrested in a 
configuration showing his final flow pattern is described in CH 
33R. A means of producing drops is shown and the figure result­
ing from the impact of a drop on a horizontal flat plate (Fig. 
7). Who has not seen rain drops hitting the windshield of his 
car on a rainy day? Here is Leonardo’s description of the result 
of his experiment on impacting drops:
"The drop of water whioh hits a horizontal surface of uniform 
density jumps from there all around and its projections reach equal 
distance all around its own circle, and differently if it does not 
fall on a uniform surface
I have repeated Leonardo's experiment using different surfaces 
and have found that the state of the surface is important; the
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result closest to Leonardo's was achieved with water on paper. 
It is necessary though to let the drops fall from enough height 
(Fig. 7) otherwise the radial projections are not present. As in 
many of Leonardo's experiments there is not much need for a sys­
tematic study, once one has shown that his result is reproduc­
ible, because he did not try a variation of parameters, except in 
rare cases; however, the temptation to continue playing with 
falling drops to obtain a variety of beautiful effects was irre­
sistible .
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XI. DYNAMICS OF FLUIDS
1, Centrifugal-force Instrument.
One finds, in different notebooks, experimental situations 
which suggest an interest in 'centrifugal force' effects (CA, CM 
and CH). The experiment in CH 28R is performed with the help of 
a potter's wheel ("tornio da boccalari"). The text accompanying 
this drawing (Fig. 8) is somewhat obscure and does not help to 
understand details of the drawing. Leonardo refers to a device 
to measure a speed, perhaps that of the wind, perhaps that of a 
ship :
"How many miles per hour with the wind. And here we can see with 
the water of the mill which drives it, how many turns achieves the 
wheel, which is about 5 'braccia', And thus you will make the 
correct rule out in the sea, by making the wheel turn first one 
revolution and then 2, and then 3 per hour. And in this manner, 
you will calibrate it, and it will be correct and good,"
In this case, I have tried as literal a translation as possible. 
I wish one could count on all scholars interested in Leonardian 
science and art of flow being able to work with the original 
texts, but I know that the chances of being useful with my work 
depend very much on offering some English version or interpreta­
tion. For those who know Italian, I have reproduced the original 
texts in Appendix III.
The above text from 28R obviously fails to give any hint 
about the cylinder placed off center on the wheel. It must be an 
indicator of some sort, it is difficult for me to tell if it is 
mechanical or hydromechanical. A container half full with a 
liquid would show an inclined surface as the wheel turn. The 
inclination of the surface, if made stable, would be easily re­
lated to the number of revolutions per unit time, independently 
of what would drive the wheel. But inside the cylinder we can 
see two inclined lines instead of one. Perhaps what Leonardo 
meant to have inside the cylinder were articulated bars which
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will adopt different angles depending on the angular speed of the 
wheel. Even if this were a device without a fluid, it would show 
both an understanding of dynamics and an ability to design an 
instrument based on a dynamic behavior of interest in fluid phen­
omena .
2. Force Applied by a Horizontal Jet on a Plane
The experiment illustrated in CH H R  shows one of the nicest 
arrangements in Leonardo's notebooks. We see there (Fig. 4b) a 
self-contained experimental unit which could very well be used in 
the instructional laboratories of our days as a model of simpli­
city of design and measurement with very simple means. The jet 
is produced by a tank under the pressure generated by a weight 
acting upon a bellows. This could be realized today somewhat 
differently but without eliminating the weight because it can be 
put in a very simple relationship with the force to be determined 
(Fig. 9). We do not know if Leonardo realized this feature of 
his experiment but we can show it to exist with a simple calcula­
tion. I consider very important to do calculations like this, 
because it gives the investigator a stimulating point of view, a 
motivation for looking for any evidence of Leonardo having had 
some of the results revealed by the analysis. This approach is 
also very useful to situate Leonardo's work in an objective frame 
of reference.
The pressure acting upon the piston (Fig. 9) that replaces 
the weight on the bellows in a model of Leonardo's apparatus is
p = W/A
where W is the weight of the piston, or that acting on the bel­
lows, and A the inner area of the tank. The velocity of the jet 
will be
V = 2p/p
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The theoretical expression for the force on the plate, obtained 
from the momentum flux equation if the nozzle is properly de­
signed, is
F = pQV = aV2
where Q is the volume rate of flow, p is the density, and a is 
the cross-sectional area of the jet. Using this and the above 
expressions, we obtain
F = 2(a/A) W
The theoretical force should be proportional to the weight W. 
The experiment for us, as an instructional experiment, becomes 
valuable because the students would have an opportunity of inves­
tigating the reasons for systematic deviations from the directly 
measured force F and the calculated one. The way in which Leon­
ardo proposes to measure the force on the plate is extremely 
simple; one could object to the friction in the pulley, but Leon­
ardo knew how to make such friction very small as shown by Ladis­
lao Reti, among others (See Reti, 1974.)
For many years the instructional laboratory of the Iowa 
Institute of Hydraulic Research at The University of Iowa inclu­
ded an experiment for the measurement of the force of an inclined 
jet which used a pendulum and a spring balance, and was quite 
similar to the arrangement proposed in CH HR. That the designer 
of such an experiment came up centuries afterward independently 
with a design very similar to the one Leonardo adopted, is quite 
interesting. I am sure that a good pulley would have less fric­
tion than the spring balance that was used in the modern device.
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3. Force Applied by a Falling Jet on a Plate
The force applied by a water jet on the buckets or the 
blades of a hydraulic wheel was of great concern to Leonardo. 
(See the Madrid Codices for notes on this question). He reduced 
the problem to the basic question of the force on a flat plate, 
and wondered how much of the force applied by the jet came from 
its flow and how much from the weight of the water in the jet. 
One can think of a combination of two forces adding one to the 
other. To visualize Leonardo's thinking one could assume the 
water jet to be suddenly frozen, thus acting only by its weight 
on the plate, that same weight would be there after the water 
melts and starts flowing again, but it seems that some additional 
force should appear. We can analyze this situation with the 
knowledge we have of fluid mechanics. As usually, I will adopt a 
simple model (simpler than Leonardo's) and my judgment has to be 
trusted. If some reader does not trust it, he can do a more 
complex analysis, but I am sure that he will only refine the 
results without modifying the basic features. My jet is vertical 
and comes from an orifice in the bottom of a tank with not too 
much water. By doing this, I am trying to reduce to a negligible 
amount some secondary effects (see Fig. 10a). The jet comes down 
to a plate which is big enough to produce a 90° deflection. An 
elementary simplified one-dimensional flow analysis using the 
control volume shown, leads to the following expression of the 
force on the plate
F = W
W being the weight of the shaded volume in Fig. 10a. Usually the 
analysis of this problem is made by using a control surface like 
the one shown in Fig. 10b, the weight within which is small com­
pared with the force to be determined. The calculation in this 
case yields F = PQV where Q is the volume rate of flow, p is the 
density of the liquid, and V is the velocity close to the plate
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level. We see that F = W. To know this result is important, 
when one reads considerations by Leonardo on the force of the 
plate. Another way of looking at this problem is to subdivide 
the jet with horizontal cross sections as shown in Fig. 10c. To 
make calculations simpler, without loss of generality, we can 
assume a two-dimensional flow, then the width a of the jet can 
easily be correlated to the velocity at its own level which is 
V2gh. Because of the conservation of volume in this flow, we have
aV2gh = K
The increase of weight, as we descend from h^ to h2 , can be cal­
culated by the integral
AW = f 1 wa(h )dh = f 1 dh = V2g wK (h;!/2- h ^ 2)
h2 h2 \/2gh
But from the momentum flux equation we find that this weight is 
equal to
AW = PQ(V2 - V x) =N/2g pKw(h2/2- hj/2)
These calculations, and many others, as well as the re-en­
acting of experiments, must be understood as attempts to gain a 
better understanding of what Leonardo was doing. When we see 
that he was proposing to measure the force of a jet on a plate by 
placing the plate on one side of the balance and that in some 
cases the plate was horizontal, and in other cases vertical, we 
can approach these two alternatives with a better understanding, 
if we know what results could be obtained. Would these two ways 
result in a clarification of some aspect? What could Leonardo 
have learned from them? Was he bound to be more confused? If a 
Leonardist does not know fluid mechanics I doubt very much that 
he would be able to answer these questions. This shows that 
Leonardo as a fluid mechanicist cannot be assessed by non-fluid- 
mechanicists, in the same way that only good anatomists can judge
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his work on anatomy. I am forceful on this point because too 
many have attempted to translate Leonardo on subjects they do not 
know, and moreover have attempted explanations of what he meant!
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4. Impinging Jets
Impinging jets was a phenomenon which attracted great inter­
est from Leonardo. They may have come to his attention from 
observations in a fountain or in some hydraulic system he had the 
opportunity of seeing and studying, but it may also have been 
something that presented itself in some experiment about flow out 
of orifices in the wall of a reservoir which were bored along the 
same vertical lines. There are several drawings showing jets 
coming out from such orifices. (See, e.g. the Madrid Codices). 
Such drawings show a family of jets observed at different times 
by the simple means of opening only one orifice at a time. But 
if two orifices were left open, one could easily observe imping­
ing jets. Leonardo obviously observed also round jets impinging 
on water nappes, i.e., two-dimensional jets which can easily be 
produced using weir flow, of by means of a horizontal slot in the 
vertical wall of a water tank (CH 23R). Drawings of jets imping­
ing on water nappes can be seen in Ms H 69V.
In the case of a jet impinging a nappe, it seems that the 
first reaction is to believe that they will always merge, rather 
than the jet being able to perforate the nappe and come out on 
the other side while the nappe closes back just under the jet. 
The most I have heard, in answer to my presentation of this prob­
lem to persons who have not observed this phenomenon, is that the 
nappe could be split in two (a possibility shown by his drawing 
on the margin of CH 23R) something one can produce in the labora­
tory by sticking a finger across the nappe.
I have done a number of experiments of impinging jets as 
well as of jets impinging on a nappe. And I have been able to 
show that it is possible to perforate the nappe with a jet (Fig. 
11). I have been so far unable to determine what seems more 
striking to my colleagues in fluid mechanics: the perforated 
nappe, or the two jets which bounce away from each other instead 
of merging (Fig. 2 in Macagno 1982).
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In many cases, one can see that Leonardo was motivated to 
investigate a subject because of its application to some field of 
engineering, but in the case of impinging jets and nappes the 
drive seems to have come from what we call now a question of 
general academic interest, a purely basic curiosity. Perhaps, in 
Leonardo, this was an esthetic interest, but I have been unable 
to find any reference to the beauty of these experiments.
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XII. MIXING AND DILUTION
Mixing wine and water seems to be an old tradition, and I 
can attest to have seen, in Argentinian farms, Italian workers 
drinking wine from a glass into which cool water was steadily 
introduced laterally by another person. They found this nice,
after a journey of hard work in the field. Why they did it? 
They only knew that it was an old custom. The drawing (Fig. 12) 
of a similar situation on the margin of folio CH 26V was very 
reminiscent to me, and I wondered whether the old custom was 
older than Leonardo. Probably also the problem of indefinite 
dilution is older than Leonardo. His description is the follow­
ing :
"If we introduce water into a glass full of wine3 in the same 
amount that pours out from below as a mixture of wine and water3 
there will always be some wine in the glass. Proof: the wine is a 
continuous quantity which is infinitely divisible; hence during one 
hour a certain quantity flows out3 then during the following hour 
half of that quantity flows out; and during the following (third 
hour) one fourth flows out. During all this time the glass is 
maintained full. Thus 3 always in the following hour3 half of what 
was left (of wine) pours out. And thus3 because the wine is infi­
nitely divisible3 the continuous quantity of such wine will be 
divided in infinite hours. Because the infinite has no term in 
time such division of wine will have no end in its occurring."
Leonardo does not say here a word about the mixing of the two 
liquids. Without mixing, things could happen in an entirely 
different manner. By carefully pouring the wine, one can place a 
layer of wine on top of water, but if the water falls on the wine 
in the form of a jet there will be mixing. Leonardo, implicitly, 
assumed total mixing so that the nozzle in the lower part of the 
vessel would pour out a uniform blend of equal parts of water and 
wine. Another assumption is that the mixing of the two liquids 
occurs without change in volume, i.e., one liter of wine and one 
of water would produce two liters of the mix'ture. Conservation 
of volume is assumed both in the mixing and in the flowing pro­
cess. With all these assumptions, it becomes true that the con­
centration of wine in the vessel changes, as Leonardo took for
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granted. In modern mathematical terms all this could be expres­
sed as follows
A cV - cQ t 
AC = --- y--
which means that the change in concentration c of wine, in the 
vessel of volume V, during the time At is obtained by expressing 
the change in amount of wine during that time. This amount dimi­
nishes from cV to cV - cQAt, where Q is the volume rate of flow. 
From the above expression, a differential equation results which 
is
C- = (1 " V dt>
after integration, assuming that the initial concentration at the 
initial time t was cQ , one obtains
-(Q/V)(t-t ) 
c = c e  o
o
The decrease of concentration is exponential, but this is not in 
conflict with Leonardo’s assumption of decrease to one half after 
a fixed interval of time. Such time is very easy to calculate 
once the above expression for c is at hand. We only need to take 
two values c-^ and C2 and require that c^/c2 = 1/2.
We obtain then
Coe-(Q/V)(V  tQ )
Cl/C2 = c ,-(Q/T)(ts-t0 ) = 1/2
o
from which
(At)l/2 = (V/Q) ln
the time interval is constant as assumed in Leonardo’s notes. If 
one would perform this experiment there is an aspect which is not
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so difficult to perceive by simple means: that the dilution 
continues for a relatively long time; taste can tell better than 
color that there is still some concentration of the substance 
used as a tracer. But after some time, even the very refined 
methods of our times would fail to detect what the theory pre­
dicts. When the concentration is high, one may find some discre­
pancies because the mixing is not perfect as assumed.
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XIII. TRANSPORT PHENOMENA
It is difficult to find a problem of fluid mechanics in 
which some transport phenomena is not present. For example, if 
the fluid is treated as a continuum and it is at rest, the pres­
sure is not explained really, it is assumed to be present and 
then related to forces like that of gravity. Thus, even the 
fluid at rest, to be fully understood, must be considered as the 
seat of transport processes at the molecular scale, which are 
ignored in the continuum assumption approach. For instance, the 
pressure exerted by a gas on the walls of a container is easily 
explained in the kinetic theory by considering the fast moving 
molecules which hit the walls and transfer momentum to them. 
There is no hint of molecular considerations in Leonardo's note­
books, and the purpose of making a reference to kinetic theories 
is only that of giving the reader a modern context for the study 
of Leonardian fluid mechanics. It is unavoidable to examine 
Leonardo within the frame of mind we have now about the phenome­
nology he was studying. In many respects, he was the first to 
study flow and transport phenomena as we do it. Because we are 
not so advanced in the area of transport of particulate materials 
by fluid currents as we are in the study of the statics and dyna­
mics of a fluid alone, we may be able to understand Leonardo much 
better than in hydrostatics and simple fluid dynamics. It is 
interesting to quote here from a recent paper by Professor J.F. 
Kennedy, 1981:
"...river mechanics has reached a generally unsatisfactory juncture 
after so many years of intense effort by a large number of capable 
researchers and engineers"
As Professor Kennedy says, this may be due to the rivers being so 
complex that
"they appear to be more like living organisms than inanimate sys­
tems".
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Five centuries after Leonardo, "capable researchers" are still 
struggling with problems he was the first to tackle.
It seems safe to assume that Leonardo became interested in 
water waves early in his studies of water phenomena. He came to 
understand that wind had much to do with the generation of waves 
in the sea and in lakes, and in slow flowing rivers, but in tor­
rents he found examples of waves intrinsically associated with 
the flow at rather high velocity and which were not generated by 
any wind. He also saw that waves could be generated by throwing 
bodies in the water or by impacts on the bottom or on the walls 
of tanks. (See No. 18 in my tabulation of experimental cases in 
the Codex Hammer). Then, if we continue with a plausible devel­
opment in Leonardo’s mind, he must have come to the observation 
of sand dunes (or reports about them in distant lands), and the 
conception of an analogy between waves at these two different 
interfaces. The movements of the sand acted upon by the wind 
(the transport phenomena in case), must have helped to understand 
what the wind was doing to the water, but soon the negative part 
of the analogy was perceived (see CA 105a V). Water, of course 
also produces transport of sand and forms waves on sand beds, and 
Leonardo may have observed this kind of transport before that 
done by the wind. The power of water and air to transport granu­
lar material must have been noticed also in the case of scouring 
around natural and man-made obstacles in rivers and creeks. We 
are not concerned here with the student of such phenomena doing 
something to produce a man-created situation for an utilitarian 
purpose, like constructing a dam across the river, and noticing 
in passing that there is scour at some places. Leonardo appears 
to have chosen to put stones and objects of different shapes on 
the sand bed of a creek or a river, where the water is clear and 
shallow, and observe what happens, what vortices are generated, 
and how they work in transporting the sand, and where it is taken 
to and deposited afterwards. We have included among the experi­
ments the one in which a board is put in a channel with a sand
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bed (Table III, No. 27) and the transport of material is observed 
(CH 22 V). It is possible of course that Leonardo may have seen 
somebody else removing sand from a channel in this manner. It is 
not unlikely, for this technique, to have been used during his 
time, and even much before (it could have been a practice in the 
Roman aqueducts to clean the bottom). But most probably, nobody 
took any pains in examining how the sand was actually moved, like 
an advancing wave. Leonardo’s mind saw waves everywhere, and it 
is only logical to find that rivers appeared to him as waves 
evolving with a time scale of years and centuries. And that he 
should think of hydraulic works implanted in rivers as ways of 
accelerating the process.
Although we may never find (even after reading exhaustively 
all that he wrote) a basic understanding by Leonardo, on how 
water streams can carry over long distances a material much heav­
ier than water, he at least had a hint that this was due to the 
fact that the water was in a complex motion. It does not seem 
that he related turbulence intensity and capacity to carry sand, 
but he certainly saw the inner movements of a more organized type 
of action, like vortices, being able to scour and put in suspen­
sion the sand. One senses an incipient understanding that turbi­
dity and turbulence were companions, but it may very well be just 
wishful thinking. Careful, further research is needed.
Although most cases of erosion are too complex to be discus­
sed in a contribution like this, one can take a hint from one of 
Leonardo's drawings in the CH (see No. 28 in the table of experi­
ments). We will work with a still simpler situation, assuming 
that a jet comes vertically down towards a bottom which can be 
eroded (Fig. 13) and try to predict by simple considerations 
where the incipient scouring should start. Of course, much more 
difficult is to continue the calculation. I will give here a 
qualitative explanation only. As the jet comes down, it must be 
deflected by the obstacle and one can see that the most likely 
solution is the symmetric one shown in Fig. 13. But once the jet
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has undergone its partition into two flows, one to the right and 
the other to the left, friction against the bottom and the water 
on top of it will retard the flow somewhat and it must begin
expanding. Thus we see that there must be points of maximum
velocity which we can estimate to be around A and B. It should
be along these lines that sand grains begin to be taken away. A
simple experiment can show that the incipient transport begins 
not at the center, but at some distance from it. The experiment 
is more easily done with a round jet, while the above discussion 
is simpler if we assume a two-dimensional jet, as we did. The 
preceding analysis is simple, because we must see initially what 
the water does, assuming the sand as a fixed boundary. But as 
soon as sand starts moving, it becomes a changing boundary that 
modifies the flow which in turn modifies it. It is important to 
know all this, to gain some perspective about the limitations for 
a man attacking problems like these, five centuries ago. Many of 
the phenomena Leonardo tried to study are problems only engineers 
have been tackling, because they are too difficult to be success­
fully amenable to theoretical mechanics or theoretical physics. 
One could say that Leonardo's mistake was not to take a very few 
simple phenomena and study them in depth, but because of the 
circumstances of his life, he was led to be basically a research 
engineer rather than a research scientist. We do not expect him 
to have been a precursor of the chemistry and optics of color 
used in painting and frescoing, we expect him to be an original 
accomplisher in those arts. Regarding fluid flow, the reasonable 
expectation is to be a precursor of the corresponding engineering 
science, not of what has become theoretical fluid mechanics. 
Theoretical fluid-mechanicists do not care apparently about soil 
mechanics, especially soil mechanics in the presence of fluid 
flow.
I have performed in the hydraulics laboratory some experi­
ments on scour around objects. This is a question that has been
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studied in many laboratories in the world for a long time, and 
some researchers have developed mathematical equations, and in 
some cases have set up computer programs to find solutions which 
are often quite satisfactory in their results, but many of such 
studies have been limited to cylindrical obstacles, and I have 
found easier, and more under my control, to run some experiments 
myself and relay on my own observations. Some of my experimental 
results are shown side by side with Leonardo’s drawings so that 
the reader can judge by himself about his reporting. Leonardo 
made many drawings of scour around objects (see no. 29 in my 
survey of experiments). They exhibit some differences in the 
details of material scoured and deposited partly somewhere else, 
but they are rather schematic drawings, many without a sense of 
three-dimensionality. Such a series of drawings is very impor­
tant because they give proof of concern for a variety of cases 
all around a basic one. It is evident that Leonardo was interes­
ted in the effect of the geometry of the obstacles on the scour 
produced. This would be a concern for a research scientist or a 
research engineer.
I have studied more carefully the case of a prismatic ob­
stacle rather long across the flow which I simulated in the lab­
oratory by using either a brick, or construction blocks, or spe­
cially prepared blocks. In this experiment, I was mainly con­
cerned with the flow patterns around the obstacle and the result­
ing scour patterns, knowing of course that they interact. I 
found that the flow patterns long after scour began, and contin­
ued, were not too different qualitatively from the patterns be­
fore scour started. They were quite similar within the different 
scales I used (including the small ones in my first exploratory 
studies of the flow in the late fourties; Macagno 1950). I have 
reported this study somewhere else, and I will only include here 
some illustrations with explanatory remarks accompanying the 
figures (Fig. 14, 15).
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This brief comment on the mass transport phenomena in the 
Codex Hammer should be considered in two ways. The first is 
intended to make the reader aware of how much remains to be in­
vestigated using modern methods in this codex in this area; an 
important part of the Codex Hammer deals with transport pheno­
mena. The second is that these introductory pages could serve as 
a preparation of the ground for a systematic study of the codex 
from this point of view.
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XIV. THERMAL PHENOMENA
1. The Model of the Inverted Bottle
A drawing in CH 3V shows an inverted bottle with its mouth 
submerged in the water of a bowl (Fig. 16). According to L. 
Reti, 1952, this is a very old experiment; perhaps Leonardo never 
tried it. For this experiment, Leonardo gave an erroneous re­
sult; but, strangely enough, to the best of my knowledge, it has 
not been examined at the light of thermodynamics by some authors 
who have referred to it. Let us look at what Leonardo wrote
under this drawing:
"If we put a burning coal on the bottle ,ny the water which was at 
the level ,r.s, will go up to the height ,n, And this does not 
happen because the first attracts upward the water, but because the 
air is consumed with the introduction of the fire. There is some 
vacuum in the air and the water raises itself to suppress the 
vacuum. But if you would want to prove that the water is not 
raised by the fire itself3 make a hole in the bottle at the point 
,p3 and you will see that the water does not go up,"
In a meeting at Milano in 1982, there was a discussion about 
this experiment, and I had to do my own version to illustrate my 
views of it in a hotel room, with an empty bottle we borrowed 
from the bar. This is the way in which we proceeded: One must 
store some water in a sink, put some water in the bottle and turn 
it upside down trying to achieve the same water level inside and 
outside the bottle. Some trial and error work is necessary. I 
did not have a burning coal, so I used an electrical heater to 
heat the upper part of the inverted bottle. The water inside 
went gradually down, as I expected. Fortunately, there was no 
need to drill a hole in the bottle because nobody was challenging 
the second part of Leonardo’s experiment.
I believe that some persons have difficulty with this exper­
iment because, not having read Leonardo’s note carefully, they 
imagine that the bottle is first heated (somewhat in the manner 
cupping glasses used to be heated to be placed in the back of a
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person with a bad cold) and then (and only then) it is placed in 
the water. But Leonardo does not say something like this at 
all. When the heat is applied, the neck of the bottle is already 
in water, and the level is the same inside and out, a condition 
on which one has to work for a while before obtaining it.
I do not believe necessary for most people who know elemen­
tary physics to go into further analysis of this problem, but not 
all remember their physics, and I feel necessary to add a little 
calculation based on the general gas law of elementary thermody­
namics, in trying to clarify this problem once for all. To sim­
plify things without loss of generality, I will use in the theor­
etical analysis a bottle with a cylindrical long neck (Fig. 17). 
The water inside the bottle is initially level with the water 
outside. Because of thermal changes, we will assume that the 
level changes to h (either positive or negative). One could take 
into account the change of volume of the bottle as it is heated, 
but it can easily be shown that such a change is negligible,
compared with that of air under the same temperature variation 
(this has an experimental basis, but it is reflected in the val­
ues of the dilation coefficients). The initial volume of air
will be indicated by V , while under other conditions it will be 
denoted by V. This volume is V = VQ - ah, where a is the inner 
cross-sectional area of the bottle neck. Using the gas law we 
can write pV = kT, and then
T = pV
T~ p V
o o o
A third equation is based on the hydrostatics and gives
P - Pat ‘ yh
where p is the pressure and y the specific weight of the liquid. 
Combining the different equations, one obtains an equation of 
second degree in h:
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= (i _ h) (i - S- h> 
o pat o
A simple case, although not atypical, is that in which pat/y 
= VQ/a = 1000 cm. Assuming a change in absolute temperature from 
290°K to 300°K, one obtains h = -17 cm. Usually the ratio a/VQ 
is not so small, and h is only a few centimeters. But what is 
important here is that, for T > TQ , h is always negative. The 
water goes down, not up. For a bottle with a/VQ = 0.10, and the 
same change in temperature as above, one obtains h - 0.35 cm.
Assuming that Leonardo actually performed this experiment, I 
have tried to understand how he may have gotten the wrong result. 
Had he reached the point of installing the burning coal and leave 
to do something else, too much change in temperature may have 
dilated the air to the point of the inner water surface reaching 
the mouth of the bottle, air could then have escaped in a rela­
tively large amount. Then the coal would become extinguished and 
water would be sucked in. Coming back later Leonardo, (who did 
not seem to be in the habit of repeating his experiments) may 
have taken that situation as the correct result of the experi­
ment. I believe this may have happened also to some who have 
studied this question in our times. Regarding the second part of 
the experiment, Leonardo should have noticed that air would be 
leaking out of the lateral orifice; for example, by the use of 
the technique of putting a film of water (better with soap) on 
the hole. Thus, he would have discovered that the air is not 
consumed, and that the coal on top of the bottle does not produce 
vacuum, if air is not let escape from the bottle. This is really 
the crucial point.
I feel that I have carefully examined this experiment, as 
all experiments should be, before one expresses an opinion about 
them. If one does not put himself fully in the same experimental 
situation, it is very easy to go wrong, except in cases in which 
there exists a well established knowledge already, so that a
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simple theoretical analysis can be carried out. One must also 
remember the wide variety of readers of papers or books on Leon­
ardo, and therefore offer different kinds of analyses and, when 
possible, teach also how to do the experiments oneself.
2. Water Vaporization
In his attempts at determining the change in volume of 
water, when passing from the liquid to the vapor state, Leonardo 
was a precursor of the many studies to come, which lead to an 
understanding of the equation of state, but I am convinced that 
he was approaching this phenomenon of vaporization of water as an 
isolated action due to the "addition" of heat to water. One 
reason for this is that he does not seem to have ever mentioned 
any phenomenon analogous to this one. Several drawings in CH 10R 
and 15R show devices to measure the volume of vapor corresponding 
to a given volume of liquid water. Leonardo explained that they 
are
"per isperimentare e fare regola3 quanto cresca V acqua converten­
dosi in aria".
The purpose of the devices is clear: to do experiments to deter­
mine the increase in volume of water as it changes from liquid to 
gas. Leonardo said "aria", meaning vapor or gas in our termino­
logy. Some considerations about these experiments were published 
by Reti, 1952 and 1956, but I believe that the question must be 
approached more critically, as I suggest here in my introduction 
to such a methodology.
Of the two devices, it seems to me that the one in which a 
bag which is made to collapse completely at the beginning, not 
leaving inside any air, is the better conceived, although the 
other is more like devices used in relatively recent times for 
this kind of experimental determinations of thermodynamic proper­
ties. (See No. 34 in my survey of experiments in the Codex Ham­
mer). I will discuss first the experiment in which a tank with a
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moving wall is used (CH 10R D2 & 15R D9 & 10). Below the drawing 
on the margin of CH 15R (Fig. 18) Leonardo wrote:
"To determine the increase (in volume) of water as it becomes 
vapor, use the square tank with water inside and fire underneath.
Use a square cover (or piston) which will be pushed and go up the 
height of the tank. Then take a measurement of how much water 
(liquid) is missing in the tank, and thus will see what the volume 
(ratio) of evaporated water is."
The use of a square tank in this case and in that shown in 
CH 10R (Fig. 19) is a serious flaw; a circular cylinder should 
have been preferred, even if more difficult to obtain or fabri­
cate. The method proposed in CH 10R is described in a note that 
says :
"To experiment and derive the rule of increase (in volume) in the 
conversion of water into vapor. We will take the open square tank
.g.h.e.f. and put inside the bag in which the calves are born which
is very thin, and will use it as a balloon contained on each side.
On top of it we will put a board of the dimensions of the square 
tank, i.e., .a.b. Only half of the bag placed in the tank contains 
water, and it is such that fills half of the tank. The other half 
of the bag is empty both of water and air. That half will be 
filled by the evaporated water. The cover on the bag will be 
connected to a counterweight so that the evaporation will not do 
work in pushing up such cover."
If this was supposed to be an improvement relative to the device 
in CH 15R (the drawing seems to be more careful, the text is
better written), we must say that it failed to introduce a cylin­
drical tank with a better guided piston. The main objection to 
this way of doing the experiment is that the amount of water that 
would evaporate is very small, and it would have been impossible 
for Leonardo to measure it with reasonable accuracy. I believe 
that not even an estimate would have been possible. But the 
experiment described in CH 15R D8 (see figure in No. 34 of the 
survey of experiments) is free from this objection, and there is 
a chance that Leonardo was able to obtain some information about 
the ratio of volumes in this case. We see in this sketch a small 
flask connected to a large collapsed bag; presumably, the water
79
is heated, made evaporate, and fill the bag without creating 
pressure higher than the one surrounding the bag (Fig. 20). This 
seems possible, by verifying that no tension appears in the walls 
of the bag. There is a sentence in the text of this folio that 
says :
"Water is a generator of wind when it becomes air. Of this I made 
a determination: one'oncia’ converted into vapor filled a leather 
bag which internal skin was all in contact with itself."
These words surely apply to the experiment in which a small a- 
mount of water can be used.
When all the elements are put together, one can see that the 
problem was considered quite carefully by Leonardo. It was re­
lated, at least to one of the theories of generation of wind that 
he discussed in his notes, as the quotation above shows; but it 
seems that there was also a direct interest in this phenomenon.
To appreciate the difficulties of the above experiment, one 
must take a look at some modern information. On the experimental 
side, I would like to reproduce here one figure from a book on 
experimental physics (Perucca 1953) which shows a device (Fig. 
21) to study the behavior of saturated vapor (coexistence of the 
two phases). An on the phenomenological side, I want to mention 
data obtained from modern thermodynamic tables which show that 
for usual temperature and pressure conditions in a laboratory, 
one cm^ of liquid water occupies about 1200 cm^ when it becomes 
vapor. This serves to assess the possibilities of the bag-flask 
device of Leonardo, if the capacity of bag and flask were 1200 
cm^ he WOuld have needed nearly one cm^ of liquid water to do his 
measurement. This is an experiment I did not have time to do 
myself, but that I intend to perform to be sure that this could 
have been a feasible experiment for Leonardo. Some trials, with 
a plastic bag, seem to indicate that the experiment is not an 
ill-conceived one.
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The device in Perucca's book is shown in Fig. 21. It has a 
chamber of saturated water vapor which is used to verify the 
equation of van der Waals. Its purpose is not the same as the 
device of Leonardo but it can be considered similar. Perucca 
warns about the elimination of condensation nuclei which is ne­
cessary to get rid of, before one can make a reliable reading. 
This requires a series of expansions and compressions until no 
condensation will occur; even if it could be performed in Leonar­
do’s device, one would have serious doubts that it could have 
occurred to him, in spite of his experience with distillation 
devices. I hope that all these considerations can be useful when 
a scientific study of the Codex Hammer is finally undertaken.
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XV. A RESEARCH PLAN FOR THE CODEX HAMMER
This study of the Codex Hammer can not come to an end at 
this point. I feel that it is just at the beginning, and that I 
have no desire to offer conclusions now. Instead, I have a pro­
posal for those colleagues who can put together the necessary 
knowledge of the art and science of flow and a deep interest and 
desire of studying Leonardo's work both intensively and exten­
sively.
The Codex Hammer being overwhelmingly devoted to flow and 
transport phenomena, it is only natural that a plan for its study 
should be prepared and carried out by scholars in the field of 
fluid mechanics, hydraulics and transport processes. The study 
of the few pages on other topics could be undertaken as a separ­
ate or as a collaborative project.
The groundwork is done already, because a modern tabulation 
has been prepared and entered in the computer to facilitate its 
use and also its expansion and improvement, which are relatively 
easy to do, were it decided that such an expansion and improve­
ments were needed.
The present monograph is not a complete study of any of the 
areas touched upon. Systematic investigation was not a goal I 
had in mind when writing this contribution. What I wanted to 
emphasize was the need for demonstrating that much remained— and 
still remains— to be scientifically studied in this codex, as 
well as in others (Macagno 1987e and f).
The main areas for which there are important possibilities 
in this codex are:
1. Analogies.
2. Fluids at rest at large and small scales.
3. Kinematics of fluids. Representation of flow.
4. Dynamics of fluids.
5. Natural flows in rivers, lakes, and seas.
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6. Mixing and transport phenomena.
7. Engineering questions, especially in hydraulic engineer­
ing .
8. Experiments and experimental situations.
The research plan can be formulated in a few sentences: The
original text and figures of the Codex Hammer should be studied 
to extract all the passages on flow and transport phenomena to­
gether with their connections to engineering hydraulics and hy­
draulic engineering. An integration of the different areas 
should be carried out, taking into account other notebooks to 
improve the understanding. The laboratory methodology should be 
employed to gain a reliable understanding not only of the experi­
mental but also of the engineering situations in the codex. The 
result should be a book which would reflect, in a careful synthe­
sis, Leonardo's knowledge as he wrote this notebook, and contain 
critical analysis and comments of all the sections.
This section takes the place of the traditional section on 
conclusions. The intention is to motivate the research to be 
done to make the Codex Hammer into a document that is really 
accessible to those interested in Leonardo's writings. Mere 
observation of the folios as museum pieces does not do much for 
the effective diffusion of what Leonardo left in his written and 
pictographic messages.
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APPENDIX I
COMPUTER STORAGE OF THE MULTICHANNEL SURVEY OF THE CODEX HAMMER
The multichannel tabulation of the Codex Hammer has been 
described in the text of this contribution. The cards on which 
the table was recorded were transformed by Professor Matilde 
Macagno, of the Department of Mathematics of The University of 
Iowa, into a digital matrix of dimensions 396 x 14 which has been 
entered in the IBM Computer System of that university. An addi­
tional matrix of dimensions 396 x 5 has also been entered in the 
computer, and allows the user to establish the exact location in 
the Codex Hammer of any information obtained by consulting the 
tabulation.
Not all the material in the Codex Hammer has been included 
in this multichannel tabulation, because I adhere strictly to the 
principle: profiles of this kind can only be constructed by 
scholars who are experts in the subject matter in question. I 
would gladly cooperate with scholars who would like to make con­
tributions of profiles on the few remaining topics outside my 
fields of specialization, like those on painting and on astrono­
my.
Retrieval of information from the tabulation is very simple; 
I have used it to prepare the table of experiments, and the list 
of analogies. Less evident, because they are spread all over the 
paper, are the results of retrievals used to write its different 
sections. The tabulation is done in a way that one can easily 
incorporate more profiles, split profiles, etc. I have myself 
done this already two times after completing the first tabula­
tion .
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APPENDIX II
THE NOTEBOOKS AND CODICES OF LEONARDO DA VINCI
There are a number of publications in which the notebooks 
and codices of Leonardo are listed together with important data 
about their location and reproductions. One such list can be 
found in the special volume of Scientia: "Leonardo e l'età della
ragione", a cura di Enrico Bellone e Paolo Rossi, Milano 1982 (p. 
468-470).
The notation I have used for the codices and notebooks men­
tioned in this paper are
Codex Atlanticus CA
Codex Hammer CH
Codices Madrid CM
French Manuscripts Ms A to M
When referring to the Codex Hammer, I have used the folio 
numbering of the Codex Leicester (the previous name of this co­
dex). Once the codex changed name, a new system was adopted. I 
have devised the following formulas to quickly go from one system 
to the other :
BOUNDS FORMULAS BOUNDS
1 L _<_ 18 LR HA
LV HB 1 H 18
18 _L L _<_ 36 LR (37-L)B
LV (37-L)A
where L = Codex Leicester, H = Codex Hammer.
89
APPENDIX III
ITALIAN TEXTS FOR WHICH AN ENGLISH VERSION IS GIVEN
The texts are given here in the same sequence in which they 
appear in this contribution. At the end of each quotation there 
is the folio number, the CH page number, the line numbers, and 
the chapter number in this monograph.
1. Se uollj uedere che moto fa laria che e penetrata da vn mobile piglia 
lesenplo nell acqa eoe sotto la sua superfitie la quale sia mjsta con 
raro panjcho o altra semenza mjnvta che si sostengha in ognj grado 
dalteza dacqua e di poj movi dentro a cquella un mobile che ssi sostenga 
infra lacqa e vedrai la revolutione di tale acqua la quale debbe essere 
nvn vaso di uetro quadro a uso di cassetta. (CH 29V 3 147 3 5-103 V.J
2. cosi faegea il nvgolo ricacato e ristretto dal frede che Ilo vestia 
scacando laria con jnpeta di se e perca tendola infra laltra aria...(CH 
28Ry 139 y 7 - 9  y V . )
3. ...londa della rena he piu veloce che Honda della terra che ffa argine 
al fiume. (CH 25Vs 1263 3-4} V.)
4. (quj sa inmaginare la terra segata pel mezzo e uedrassi le profondità 
del mare e della terra) le uene si partan de fondi de mari e ttessano la 
terra e ssi leuano alla sommjta de monti e riuersano per li fiumj e 
ritornano al mare. (CH 31R3 1553 17-203 V.)
5. (ma tutta la luna insieme choll acqua discenderebe come cosa graue al 
centro del mondo) il che non facendo per necessita bisognja cheli abbia 
vn sito stabilito colli elementi intorno come detto. (CH 2V3 113 2-43 
IX.)
6. Come non si può desscriuere landatura dell acqua se prima non si difj- 
nissce che chosa sia gravita e douessa graujta nassca o muoia. (CH 26V3 
1293 9-10y IX.)
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7. Sei frusso e reflusso nasscie dalla luna o sole overo e llaljtara di 
questa teneste machina. Come il frusso e reflusso e vario in diuersi 
paesi e mari. (CH 17V 3 87 3 11-133 IX.)
8. Laeqa che non a moto non pesa sopra il suo fondo come si mostra per le
sottilissime erbe sopra desso fondo infra llacqua ondegianti e nel
leujssimo fangho nel fondo de paduli il quale e quasi di leujta dacqua 
il che se llacqua si possassi sopra di luj si uerebbe a chondensare e 
cquasi petrifichare il che mosstrandosi in contrario la sententia che 
llacqua sopra il suo fondo non pesi e conclusa da essa essperientia CH 
6R3 293 1-53 IX.)
9. Quessto si uedra infra 2 piasstre di vetro piane fra le quali passi tale 
acque. (CH 13V3 703 13 X. Obviously3 for D83 a drawing in the margin.)
10. fa proua alla tua bucha sei uento va dal .a. al .b. la cosa .n. del
fondo ac che camjno essa fia sospinta, io gudico chella tornerà in .m. 
(CH 9V3 473 13-153 X. Drawing DI.)
11. per uedere se Ila picola onda superfitiale fa movere laequa alta nel suo
fondo fa Ila tua bucha laequa mg sta col pang co e colle piasstre del
uetro vedrai il bisogno...(CH 9V3 473 17-203 X. Drawing D2.)
12. noi abian prouato che llonde nelle gran provondita tornano in contrario
nel fondo al moto di sopra la qual cosa si manifesta per lo intorbidare
del mare del teren tolto vicino alli liti. (CH 9V3 453 1-3).
13. Laccola dell acqua che chade i locho dequal densità e plangtia saltera 
colli stremg del suo vesstigio con equal distantia fori della sua cir- 
chunferentia e cosi de converso non cadendo in locho equale. (CH 33R3 
1643 4-63 X. Drawing DI.)
14. per quante mg’gla per ora con vn vento e equi si po uedere co laeqa di
molin chello mova quante volte da per ora la rota che ssia in tomo br 5
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e cosi farai la uera regola for di mare facendo la rota andare vna volta 
e poi 2 e 3 per ora e cosi tu la regolerai apunto e sara uera e biona. 
(CH 28R3 140 3 2-5 3 XI. Drawing DI is just above this marginal note3 but 
I am not sure it is really related to this paragraph.)
15. Se nel uaso pieno di ugno entra tanto dacqa quanto di sotto versa vino e 
acqa il detto vaso maj fia priuato integralmente di ugno pruouasi perche 
il ugno e quantità continua e de diugsibile in ingfinito addunque se in 
vn ora ne versa vna quantità nell altra ora ne verserà vna meza quantità 
simgle alla prima e nell altra vna 4a quantità el resto senpre si rien- 
pie dacqa e cosi senpre nella succedente ora verserà la meta del rima­
nente e cosi per eser diugsibile in infingto in infingte ore sara diugsa 
la quantità continua del predetto vino e perche lo infingto non a term- 
gne nel tenpo essa diugsion di ugno non ara termgne nelle sue parti- 
tiong. (CH 26V 3 1293 10-173 XII. Drawing D2.)
16. se sopra il uaso .n. sara possto il caruon del focho lacqa chera alla
basseza .r.S. monterà all alteza .n. e cquesto non achade perche il
chaldo tiri su laequa ma perche ssi consuma laria per lo introito del 
focho il quale non e sofitiente pieno e llacqa per se si leua alla 
restauration del uachuo ma sse ttu voli essere chiaro che laequa non e 
tirata dal focho fa vn bucho al uaso .m. nel punto .p. e uedrai lacqa 
non salzera del suo sito. (CH 3V3 15 3 23-25 3 16 3 1-2 3 XIV. Drawings D2 
and D3.)
17. per issperimentare he fare regola quanto cressca lacqa conuertendosi in 
aria. (CH 10R3 503 11-123 XIV. Drawing D2.)
18. per fare prova dell acqa uaporata quanto essa cressce abbi il uaso
quadro col acqua dentro el foco sotto el coperchio che possa essere 
spinto per chassetta quadra insino che monti altrettanto quanto e il 
uaso e po mgsura quanta acqa mancha al uaso e uedrai laequa vaporata 
quant ella h. (CH 15R3 763 17-203 XIV. Drawings D83 93 10.)
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19. per is sperimentare he fare regola quanto cressca laoqa oonuertendosi in 
aria noi ho il uaso quadro aperto di sopra .g.h.e.f. e metteren uj 
dentro il saccho fatto dello pannjchulo dove nassoon li uitellj lo quale 
e ssottilissimo e Ila oonoereno a uso di uesscicha chiuso da ognj banda 
e sopra li areno vn asse piana larga quanto e il uacuo del uaso quadro 
eoe .a.b. ed enpiereno tal sacho mezo dacqa e meterenlo nel uaso quadro 
e cossi il sacho colla sua acqua enpiera meza lalteza del uaso quadro e 
meza la capacita del sacho e laltro mezo saccho resterà voto dacqa e 
daria e quando lacqa uaporera e ssenpiera laltro mezo sacho dell acqua 
vaporata e ara il operchio del sacco che Ilo suegliera eoe il contrapeso 
.n. e chosi la vaporatione non ara faticha a sspignere tal coperchio in 
alto. (CH 10R, SO, 11-21, XIV. Drawing D2.)
20. Lacqua e generatrice del uento eoe quando essa si risuolue in aria della 
qual ga feci pruova vn onca vaporata menpie vn otro e prima si tochauan 
Ij dentri della pelle in ognj lato. (CH 1SR, 75, 17-18, XIV.)
I have checked the above transcriptions against the one by Calvi, 
but mainly against Leonardo’s own writing. I have found practi­
cally no discrepancies, but I have separated the words in a way 
that should make the reading easier than with the transcription 
by Calvi. I would encourage anyone who knows enough Italian to 
just ignore my renditions in English. No serious research effort 
should ever be done on Leonardo relying on versions in another 
language only.
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FIG. 1. A siphon that does not need to be primed can be 
made with a strip of felt. Note the line nm. Such 
a line is also shown in CA 882V. (CH 34V Dll).
FIG. 2. Illustration of evaporation, condensation, and 
flow of vapor. It was probably not an experiment 
that was actually performed. (CH 3V D4).
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FIG. 3. This very clever experiment must be compared with 
a similar one in the Codex Madrid I, 149V.(Ch 6R). 
(See analyses by Macagno, 1982 & 1985a).
FIG. 4a. Leonardo changed 
a common object into a de­
vice to reveal, by means 
of a standing tube, the 
pressure due to a weight 
resting upon a bellows.
(CH H R  Dl) .
FIG. 4b. By a refinement 
in design, the pressure 
is now indicated by the 
force that a jet applies 
on a plate. A pulley and 
a weight were used to 
gage the force. ( CH 11R 
D2) .
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FIG. 5. Drawings D6 to D9 on 
CH 13V. D8 is a sketch of a 
flow visualization flume. The 
encounters of currents shown in 
this folio were presumably ob­
served in such a flume. Leo­
nardo only mentioned the scour 
produced by those currents. 
This is one of the many pages 
which must be investigated by 
using the laboratory methodol­
ogy. (See Macagno,1982 & 1985a). 
The words on D8 mean "width of 
the channel".
FIG. 6. Wind-wave flume intended for the investigation of 
the bottom transport of materials in the sea. Such 
a study was, seemingly, related to transport that 
could have happened in the great flood of biblical 
times, but it was surely part of Leonardo's general 
interest in ocean hydromechanics. This is a diffi­
cult research task even in our days.(CH 9V Dl).
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FIG. 7. The upper part shows 
the sketch Leonardo made from 
experiments with liquid drops 
impacting a horizontal, plane 
surface. Below , one of the ex­
periments performed by the 
author at the College of Engi­
neering of The University of 
Iowa, is shown. Under Leonar­
do's drawing, it says: "drop 
of water". (CH 33V Dl,2).
FIG.8. Small cryptic sketch on the margin of CH 28R. This 
is another example of the many questions so far o- 
verlooked in the studies of the Codex Hammer. There 
are obvious "centrifugal-phenomena" implications in 
this and in other sketches of Leonardo ( see e.g. , 
the Madrid Codices). Further research is needed in 
this area.
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FIG. 9. To gain insight into Leonardo's hydrostatics and 
hydrodynamics, not only experiments are needed 
but mathematical analyses also. The above model 
of the device in CH H R  D2 (see Fig. 4b ) was 
used to establish a relationship between two of 
the forces involved. It renains to be investigated 
whether Leonardo was aware of it or not.
FIG. 10. Sketches (a, b, c) for the analysis of a problem 
many times considered by Leonardo: the force of 
a water jet on the paddle of a flow machine. With 
such an analysis one is much better prepared for 
the interpretation of Leonardo's statements.
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FIG. 11. Application of the laboratory methodology (see 
Macagno 1982) to a question raised by Leonardo 
in the Codex Hammer (CH 23V) and in other note­
books (e.g., Ms H 69V). The above experiments 
were performed at the Institut fttr: Hydromechanik 
of the University of Karlsruhe with support from 
the Volkswagen and the Humboldt Foundations.
FIG. 12. Water flows steadily 
through a container initially 
filled with wine (CH 26V D2). 
The concentration of the mix­
ture will decrease gradually. 
In this case, a mathematical 
analysis is enough to look at 
Leonardo's handling of this 
problem against the light of 
the future as well as that of 
the past. The subtle question 
involved is: what is the time 
needed to completely wash out 
the wine in the pitcher?
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FIG. 13. Elementary analysis of a point in CH 14V & 18R.
A relatively weak jet approaches a flat erodible 
bed and is deflected by it. When the velocity of 
the jet is gradually increased, A and B are the 
expected points of initial scour; not 0 and its 
neighborhood. The entire question can only be 
investigated fully by laboratory studies.
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FIG. 14. Above (14a), one of the many studies of scour 
in the Codex Hammer is shown. In this case, a 
parallelepipedic obstacle was placed perpendic­
ularly to the water flow over an erodible 
bed. Below (14b), a photographic record of an 
experiment, I performed at the Iowa Institute 
of Hydraulic Research is shown. Note that the 
point of view is somewhat different.
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FIG. 15. Another of the records of scour around ob­
stacles by Leonardo (15a) and the result of 
the corresponding experiment at the Iowa 
Institute of Hydraulic Research (15b).
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FIG. 16. The inverted-bottle experiment (CH 3V D2,3) was 
not correctly interpreted by Leonardo, a point 
that has not been perceived by some scholars. 
However, the situation is easy to understand, 
if the experiment is performed in the way that 
it was conceived by Leonardo, and as it is des­
cribed in this contribution.
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FIG. 17. Definition sketch for the analysis of the heated 
bottle experiment. It is important to realize 
that the amount of heat supplied must always be 
less than that which would make air escape from 
the bottle. Then, an elementary thermodynamic ana­
lysis illustrates clearly what happens to the 
water (h must be negative). It is hoped that this 
discussion will dispel, once for all, the confu­
sion about this passage in the CH ( 3V ).
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FIG. 20. Drawing based on a rather poor sketch (CH 15R) 
of a device to determine the increase in vol­
ume of liquid water converted into vapor. This 
device is an improvement with respect to those 
shown in Figs. 18 and 19. Some trials with a 
plastic bag have convinced me that Leonardo 
could have obtained a rough estimate, of the 
desired property, with a device like this. See 
Leonardo's sketch at the top of Fig. 18.
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FIG. 21. Modern glass apparatus used in the determination 
of the ratio of volumes of a given mass of liquid 
water and its saturated vapor. (From Perucca's 
book on experimental physics.)
